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i/' Ct A zoom optical system comprises a plurality of 
:bpticar of optical elements 

' \ " ' include a first optical element having two refracting sur- 
^ feces stnd a plurality of reflecting surfaces formed in a 
; " • transparent b&ly/being pranged such that a light beam 
[ ^'^ers an inside of thejransparent body from one of the 
' ^;\ty&"' irefifccting^urfaces ; and. after being successively 
i^ittSted from the plurality of reflecting surfaces, exits 
from^e other of the two refracting surfaces, and/or a 
'setora optica] element having a plurality of surface mir- 
. ^ rote jM(^rall^ : 1brm^^ decentered relative to one 
"' another! being arranged such that an incident light 
beam exits therefrom after being successively reflected 
" ^'IfrSm re^exrtihig surfaces of the plurality of surface mir- 
rors, and a third optical element composed of a plurality 
of coaxial reffactiritj Surfaces/ In the i^m bptical sys- 
tem, an image of an object is formed through the plural- , 
ity of optical elements, and zooming^ is effected by 
varying relative positions of at least two optical ele- 

1 merits? of the'^iilraiity of optical elemerife;" y +u< ; i 

• • ' ? 5»3*:1 i?-0--e c^j.-.. i.ibi-ide-o* 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

This invention relates to zoom optical systems and image pickup apparatus using the same and, more particularly, 
to an optical system which comprises a plurality of optical elements of two types, one of which has a plurality of reflect- 
ing surfaces and the other of which has refracting surfaces alone, wherein, of the plurality of optical elements, at least 
two optical elements move in differential relation to effect zooming (to vary magnification). Still more particularly, this 
invention relates to zoom optical systems suited to be used in video cameras, still video cameras or copying machines. 

Description of Related Art 

The zoom optical systems for the image pickup apparatus have been known as constructed with refracting ele- 
ments or lenses alone. These lenses are of the spherical or aspheric form of revolution symmetry and arranged on a 
common optical axis so that their surfaces take revolution symmetry with respect to the optical axis. 

In the field of art of photographic objectives, there have been many previous proposals for utilizing reflecting sur- 
faces such as convex or concave mirrors. It has been also known to provide an optical system which makes use of a 
reflecting system and a refracting system in conjunction. This optical system is well known as the catadioptric system. 

Fig. 23 is a schematic diagram of an optical system composed of one concave mirror and one convex mirror, or so- 
called mirror optical system. 

In the mirror optical system shown in Fig. 23, an axial light beam 104 coming from an object is reflected by the con- 
cave mirror 101 . While being converged, the light beam 104 goes toward the object side. After having been reflected by 
the convex mirror 102, the light beam 104 forms an image on an image plane 103. 

This mirror optical system is based on the configuration of the Cassegrain type of reflecting telescope. The aim of 
adopting it is to shorten the total length of the entire optical system compared with the long physical length of the refract- 
ing telescope, as the optical path is folded by using two reflecting mirrors as arranged in opposed relation. 

Even for the objective lens system constituting part of the telescope, for the same reason, the Cassegrain type and 
many other types have come to be known which differ in the number and the construction and arrangement of reflecting 
mirrors in order to ever more shorten the total length of the entire system. 

Up to now, effort has been made to shorten the total length of the photographic lens as it is usually unduly long. For 
this purpose, instead of some of its lens elements, mirrors are used to efficiently fold up the optical path. A compact 
optical system of mirror type is thus obtained. 

In the Cassegrain type reflecting telescopes or like mirror optical systems, however, the use of the convex mirror 
102 leads, in general case, to a problem that the object light beam 104 is shaded in part. This is attributable to the fact 
that the back of the convex mirror 102 lies within the domain of passage of the object light beam 104. 

To solve this problem, the mirror may be decentered, thus permitting the domain of passage of the object light beam 
1 04 to be cleared of the obstruction of the other parts of the optical system. In other words, the principal ray 1 06 of the 
object light beam 104 is set off from an optical axis 105. Such a mirror optical system, too. has previously been pro- 
posed. 

Rg. 24 is a schematic diagram of a mirror optical system disclosed in U.S. Patent No. 3,674,334, which has solved 
the above-described problem of shading in such a way that the mirrors of revolution symmetry with respect to the optical 
axis are cut off in part. 

The mirror optical system shown in Fig. 25 comprises, in the order in which the light beam encounters, a concave 
mirror 1 1 1 . a convex mirror 1 13 and a concave mirror 1 12. In the prototype design, these are of the forms shown by the 
double-dots and single<lash lines, or of revolution symmetry with respect to the optical axis 1 14. In actual practice, the 
concave mirror 1 1 1 is used in only the upper half on the paper of the optical axis 1 1 4. the convex mirror 1 1 3 in only the 
lower half and the concave mirror 1 12 in only a lower marginal portion, thereby bringing a principal ray 1 16 of the object 
light beam 1 1 5 away from the optical axis 1 1 4. The optical system is thus made free from the shading of the object light 
beam 115. 

Fig. 25 is a schematic diagram of another mirror optical system disclosed in U.S. Patent No. 5,063,586. In this mir- 
ror optical system, the mirrors are so arranged that their central axes set themselves off the optical axis of the system. 
By this arrangement, a principal ray of the object light beam is dislocated from the optical axis, thus solving the above- 
described problem. 

In Fig. 25, an object to be photographed lies in a plane 121 . Assuming that a line perpendicular to the plane 121 is 
an optical axis 127, it is found that as the light beam encounters a convex mirror 122. a concave mirror 123. a convex 
mirror 124 and a concave mirror 125 successively in this order, the centers of area of their reflecting surfaces and their 
central axes (the lines connecting those centers with the respective centers of curvature of these reflecting surfaces) 
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122a, 123a, 124a and 125avare decenteredirom; the: optical axis 127 In Fig. 25, the amounts of decentering of such 
parameters andlhe radii of curvature of all the surfaces qre appropriately determined to prevent the: object, light beam 
. .128 from beingishaded by thebackof any onecof the mirrors. Ar> objfectirrt&ge islhus forir|Hd an>a focal plane 126 with 
\ high efficiency. 

5 ln<addition, U.S. Patents No& 4,737,021; and 4,265,510 even disclose similar systems trteed from the shading effect 

either by using parfiali mirrors of : revolution symmetry witrr respect to the; (Optical axis or b/ arranging the ceritral axes 
themselves of the mirrors tntdecerrteredirelatid^ from the optical iaxisi x;*\n\A-. ! io :■-<:>;». op:*..:* r-y<\\>.im » on 

! Me&nwhilelithecatad^ lenses can be made to 

have the function of varying ithe image magnification. As an example of Shis optical system,, mention: may be made of 

io - deep sky telescopes disclosed in- for example, U:S. 'Patents Nos. 4,477, 1 56 and 4,571 ,036, in which the imagemagni- 
fication is made variable by using a parabolic mirror in the main mirror in conjunction with the Erfle eye-piece. 

» It: is? also known to provides another zooming technique which moves two mirrors constituting part of the above- 
described mirror optical system in differential relation. By this technique, the image magnification (or focal length) of the 
optical system for photography is made variable. 

is For example, U.S. Patent No. 4,812,030 discloses application of such a zooming technique to the Cassegrain type 
rejecting telescope shown in Fig. 23 > wherein the separation from the concave mirror 101 to the convex mirror 102 and 
:me separatiorafrom theto are m^de variable^ relative to «ach other. Thus, a mir- 

~ror optical system for photography capable of zooming is obtained, w™ i w 

Fig. 26 shows another example of application disclosed in the above U.S. Patent No. 4,812,030. Referring to Fig. 

20 26, a light beam 138 from an object encounters a first concave mirror 131 and is reflected from its surface, becoming a 
converging light beam. The converging light beam goes toward the object side, and encounters a first convex mirror 
132. Here, the light beam is reflected toward the jn^ ^a^jJmost parallel light beam. The almost par- 

allel light beam goes to a second convex mirror 134 and is reflected therefrom, becoming a diverging light beam. The 
diverging light beam encounters a concave-fnirrOn135. Herevthe light beam is reflected and becomes a converging light 

25 beam, focusing an image on an image plane 137. . l 

In this optical system, the separation between the first concave jriirrbr 131 land the first convex mirror 132 is made 
to vary, while the separation between the second convex mirror 134 and the second concave mirror 1 35 is made to vary 
simultaneously, so as to effect zooming. The focal length of the entirety of the mirror optical system is thus made vari- 
able. 

30 Also, in U.S. Patent No. 4,993,81 8,:animage formedtby the Oassegrain reflecting telescope shown in Fig. 23 is then 
re-focused by another mirror optical system provided in the rear stage, thereby forming a secondary image. The mag- 
nifying power of the mirror optical system for forming the secondary image is made variable. By this arrangement, the 
photographic system as a whole is provided with the capability of varying the image magnification. 

These reflecting optical systems for photography have a great number of constituent parts. To obtain the required 
& 35 optical performance, it is necessary to increase the accuracy with which to set up the individual optical parts. In partic- 
ular, because the positioning tolerance for the mirrors is severe, it is indispensable to adjust the position and angle of 
each mirror. 

To solve this problem, a method has been proposed, for example, to construct the mirror system in the form of one 
block, thus avoiding an error from occurring when the optical parts are set up. 
h 40 Heretofore, what are known as such a block having a large number of reflecting surfaces therein are, for example, 
optical prisms such as pentagonal roof prisms or Porro-prisms used in the viewf inder systems. 

For these prisms, a plurality of reflecting surfaces are unified by the molding techniques. All these reflecting sur- 
faces are, therefore, made up under the control of their relative positions with high accuracy, thus obviating the neces- 
sity of doing later adjustment of the relative positions of the assembled reflecting surface to one another. However, the 
45 main function of these prisms is to change the direction in which light advances for the purpose of inverting the image. 
Every reflecting surface has, therefore, to take the plain form. 

On the other hand, there is also known an optical system in which curvature is imparted to the reflecting surface of 
the prism. 

Fig. 27 is a schematic diagram showing the main parts of an observing optical system disclosed in U.S. Patent No. 
so 4,775,21 7. This observing optical system is used for observing the external field or landscape and, at the same time, 
presenting an information display of data and icons in overlapping relation on the landscape. 

The rays of light 145 radiating from an information display body 141 are reflected from a surface 142, going to the 
object side until they encounter a half-mirror 143 of concave form. After having been reflected from the half-mirror 143, 
the light rays 145 become nearly parallel by the refractive power of the concave surface 143. and pass through the sur- 
- 55 face 1 42. reaching the eye 1 44 of the observer. So. the observer views an enlarged virtual image of the displayed data 
or icons. 

Meanwhile, a light beam 146 from an object enters at a surface 147 which is nearly parallel with the reflecting sur- 
face 142, and is refracted there, arriving at the concave half-mirror surface 143. Since this surface 143 is coated with a 
half-permeable layer by the vacuum evaporation technique, part of the light beam 146 passes through the concave sur- 
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face 143 and is retracted in transmitting the surface 142, entering the pupil 144 of the observer. So, the observer views 
the display image in overlapping relation on the external field or landscape. , ^ , ^ k(; , s • . . ; , 

p ig. 28 is a schematic diagram showing the main parts of another observing optical system discloses in Japanese* 
Laid-Open Patent Application No. Hei 2-297516. This observing optical system, too, is used for viewing the external 

5 field or landscape and, at the same time, Itiofahg Ihe irrfdrmdtioh bri the display devic&as overlapping the view. 

In this observing optical system, a light beam 154 from an information display body 150 enters a prism Pa at a flat 
surfacfe 157 and is imd^Sncidem^qn a parabolic reflecting surface 151: Being r^lefeted from this surface 151, the light 
beam 154 corivierges andferms ^an image on a focal plane 156. During this time, the light beam 154 for display under- 
goes total reflection from the successive two parallel planes constituting part of the prism Pa, reaching the focal plane 

10 1 56. By this arrangement, thinning of the optical system as a whole is achieved. 

The display light, bearrt 154 ; that has exited as a diverging beam from the focal plane 156 then proceeds while 
undergoing total reflection between the flat surfaces 157 and 158, until it encounters a half-mirror surface 152 of para- 
bolic form. The light beam 154 is reflected from the half-mirror surface 152 and, at the same time, forms an enlarged 
virtual image of the display by its refractive power, becoming a nearly parallel beam. After having passed through the 

75 surface 157, .the s tight beam 154 enters the pupil 153 of the observer. Thus,: the observer looks at the display image on 
the background of the external field or landscape. k , 

Meanwhile, an object Jight beam 155 from the external field passes through a flat surface 1 58b constituting a prism 
Pb, then passes through the parabolic <hatf-.mirror surface 152 and exits from the surface 157; reaching the^eye 153 of 
the observer. So, the observer views the external field or landscape with the display image overlapping thereon. 

20 Further, an optical Element can be used tfn the reflecting surface df^a prism^This isiexemplif ied as an optical head 
for photo-pickup disclosed in, for example, Japanese Laid-Open Patent Applications 'Nos. Hei 5^12704 and Hei 6- 
139612. Such a head receives the light from a semiconductor laser, then^efleets it from the Fresnel surface or hologram 
surface to form &h image on a disk, and then conducts the reflected light from the disk to& -detector. 

The conventional optifcal system of the type which has refractive optical elements alone puts the stop inside thereof. 

25 In many cases, the ehtrance pupil lies deep in the optical system. The longer the separation between the stop and the 
entrance surface at the'frbritmost position, the larger the ray effective diameter of that entrance surface becomes. Fur- 
ther, there is a problem that, as the angle of view increases, the ray effective diameter of that entrance surface increases 
even more greatly. . _ 

The optical systems of the mirror type disclosed in the above U.S. Patents Nos. 3.674,334, 5,063,586 and 
30 4,265,510 have a common feature that aN the reflecting mirrors are made decentered by respective different amounts 
of d^centering. Hence, the mounting mechanism mirrors becomes very elaborate in structure. It is also 

very^ifficuft to sec^ ' ' * v -" ' , : 

.f^phpt function disclosed in U.S. Patents Nos. 4,812,030 and 

4,9^818, tOT. ha?. inany Gj^^&J^ parts such as mirrors and lens elements for;ipr^fr^van s! 

image^^ it is necessary to set up all the optical parts i^Tystf^lo 

one £TOtherwithi high . *i 7 ? *L« -fi^ij 

P^ticularly lor; the ref iepting miirror^^the ^jeran<^jfpr the relative position' bes^j^ 
necs^ryjo 3^^^^ ■ 4P^/ 

It type photographic o^caF|yj^ 
tion ^ih$ ^r<^ll^^ephgt(^ ^^^ipjr^^s^i^ as this type has a long totaJlJengm^ ahd a* sq^idltilld '^gW/^6^itain 
a pl^ograph^^ v$jc£^^^ angles of from the ^Snclaid^n^ lens, 

becfiu§e aii^nc^^^ aberrations is required to use, the pan^^justbe 

manu^crtur^^ with even severer a tolerance. Therefore, the p/^tic- 

tion .cost has to be "saprr(ice<t /.C3Ufi'^^rfs9. ^^^'^sIza 'G^.if^^/^wMre system tends to increase greatly. WgJ* 
jMifa.jte' the above U.S. Patent No. 4,775,217 and Japanese Laidlo^en 

Patent /^iicafop No/ H^ to produce Ihe pupil image forming furi^ 

as the incarnation di?pjqy is positioned re^ jfcie observer's eyerthe iijght fs ^(iu^tedi^ 
pupil of toe o^rw in which light advances. Concerning the positive use 

of tfyf! ^ ^ryaj^r^^^rted. reflecting surface in Correcting aberrations, therefore, no technical ideas are directly dis- 
so dosed. " ■ ;■' ""' " " " ' im^k ■ 

Also, the optical systems, for photo-pickup disclosed in the above Japanese Laid-Open Patent Applications^^. 
Hei 5-12704 and Hei 6-139612 each limit its use to a detecting optical system. Therefore, these systems are unal^ejto 
£jt satisfy the imaging performance for photographic optical systems and particularly image pickup apparatus usingJfeSb 

sr. 



35 



40 



45 



or like area type image sensor. 
BRIEF SUMMARY OF THE INVENTION 



5? It is an object of the invention to provide a zoom optical system and an image pickup apparatus using the same. 
> wherein there are provided a plurality of optical elements which are constituted by an optical element in which a plurality 
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of curved or flat reflecting surfaces are formed and an optical element composed only of coaxial refracting surfaces, and 
relative positions of at least two optical elements of the plurality of optical elements are varied to effect zooming, so that 
the zoom optical system as a whole is minimized in bulk and size, and, at the same time, the accuracy with which the 
reflecting surfaces are set up (or the assemying:tolerance)1riat greatly affects the performance little differs from item 
5 to item. 

Further, a stop is disposed either on 'the object side of The zoom dptical system or adjacent to a light entrance sur- 
face at which a light beam first enters, and an objectjmage informed at least once within the zoom optical system. By 
this arrangement, despite the zoom optical system having a wide angular field, the effective diameter of every one of 
the optical elements is shortened. Moreover, a plurality of reflecting surfaces constituting the optical element are given 
10 appropriate refractive powers/ At thg sarhe time, these reflecting surfaces are arranged in decentering relation to 
thereby fold the optidal path in the zoom optical system to a desired shape without causing shading of a light beam 
' ' within the zoom optical system. It is, therefore, another object of the invention to provide a zoom optical system of short- 
ened total length in a certain direction and an image pickup apparatus using the same. 

To attain the above objects, irt accordance with one aspect of the invention, there is provided a zoom optical sys- 
15 tern, which comprises a plurality of dptical elements including a first optical element having two refracting surfaces and 
"fa plurality of reflecting surfaces formed in a transparent body, being arranged such that a light beam enters an inside of 
the transparent body from one of the two refracting surfaces and, after being successively reflected from the plurality of 
reflecting surfaces, exits from the other of the two refracting surfaces, and/or a second optical element having a plurality 
■'' s OcOf surface jnirrors' integrally formed and decentered relative to one another, being arranged such that an incident light 
20 beam exits therefrom after being successively reflected from reflecting surfaces of the plurality of surface mirrors, and 
i a third optical element composed of a plurality of coaxial refracting surfaces, wherein an image of an object is formed 
\ 9through;the ptturalrtyadf optical elements, and zooming is effected by varying relative positions of at least two optical ele- 
h < menfe of the plurality of dptical elements. 
■= : - Of the other feaiture^ especial ones are as follows. 
25 - ; : Aistop is disposed on a light entrance side of the zoom optical system, or adjacent to a light entrance surface at 
1 1 » .which a light beam first enters. 

ii v* SufEaoh of theatteastdwo optical elements of which relative positions are varied has an entering reference axis and 
Hi tan exiting reference axis to parallel to each other. 

•if" The at least two optical elements of which relative positions are varied move on one movement plane in parallel to 

R*?*? -53.267 

7 | b Si Each of the at feiasf two optical elements of which relative positions are varied has an entering reference axis and 
r ; j aft exiting reference axis oriented to the same direction. 

H20 liuOne of the at least two optical elements of which relative positions are varied has an entering reference axis and 

r? 2 an exiting reference axis' oriented to the same direction, and another of the at least two optical elements of which rela- 
35 ative positions are varied toas an entering reference axis and an exiting reference axis oriented to opposite directions. 

H23 SuEach of the ; at least two optical elements of which relative positions are varied has an entering reference axis and 
an exiting refecence&xis oriented to opposite directions. 

• i'f : > ;usEocusing1s effected by moving one of the at least two optical elements of which relative positions are varied. 

fl^d " focusing is effected by moving an optical element other than the at least two optical elements of which relative 
40 *m positions are. varied .Be £ 

r r^7 >, nThe zoom optical system forms at least once an object image at an intermediate point in an optical path thereof. 

Of the plurality of reflecting surfaces, curved reflecting surfaces are all formed to anamorphic shapes. 
> rrtpe 'AIlTeferenceaxes of the at least two optical elements of which relative positions are varied lie on one plane. 

At least a part of reference axes of an optical element other than the at least two optical elements of which relative 
45- ( positions are varied-tie on the one plane;*!---* 0 • « i^^OuUk^Oi 

Atf least one dptidal elemehlpf the plurality of optical elements has a reflecting surface in which a normal line on 
the reflecting surface at an intersection points of a reference axis with the reflecting surface is inclined with respect to a 
movement plane on which the at least two optical elements of which relative positions are varied move. 

These andifurthen objects and features of the invention Will become apparent from the following detailed description 
so of the preferred embodiments thereof taken i in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

Fig. :1 Shaw^ Sectional views of aniembodlment 1 of the zoom optical system according to the invention with the 
55 opticar paths shown irrthe YZ pfene.a35352e-0.3 ; .98&7A e.-.05~ 

Fig. 2 shows graphs of the lateral aberrations of the embodiment 1 in the wide-angle end. 
■ ■ ? Fig. 3 shdwsjgraphs of the lateral ^aberrations of the embodiment M in a middle position. 
Fig, 4 shows^graphs of the lateral aberrations of the embodiment 1 in the telephoto end. 
Fig> 5 is a diagrarriof georfifetry for explaining the coordinate systiemsin the embodiments of the invention. 
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Fig: 6 shows sectional views of an embodiment 2 of the zoom optical system according to the invention with, the -: 
optical paths shown in the YZ plane: u' / ' ■ - : t ■■''■u ^.p-vf. ^j;:.:-. nviu. , ■■; : • • ; ^ i . . o';« . ■ 

Fig 7 shews Qraphs of the lateral s 

Fig. 8 shcrws graphs of the lateral aberrations of the embodiment 2 in a middle position. 
5 Fig. 9 shows graphs of the lateral aberrations of the embodiment 2 in the tetephoto end. i ; a i-xy it ..j 

Fig. 10 shows sectional views of an embodiment 3 of the zoom optical system according to thenhventiorrwrth ihe ^ 
optical paths shown in the YZ plane: i ^rr jo; iiihA ; ; &k -,r. 

Fig. 1 1 shows graphsiof the lateral aberrations of the embodiment 3 in the wide-angle end: r 1 so urn be* umi.c ^ 
Fig. 12 shows graphs of the lateral aberrations of the embodiment 3 in a middle position. ; r ^ k. * - 
to Fig. 13 shows graphs of the lateral aberrations of the embodiment 3 in the telephbtaend, s % '.'■->• n ; urr -w*'* 
Fig: 14 shows sectional views of an embodiment 4 of the zoom optical system according to the invention with the 
optical paths shown in the YZ. plane.: - u ^ ^ ; : : • : u s;; : ; .-.u,jv--. 

Rg. 1.5 shows graphs of the lateral aberrations Off the embodiment 4 in the wide-angle end; ^ > • - :-wihi 
Fig. 16 shows graphs of the lateral aberrations of the embodiment 4 in a middle position. 
15 Fig. d^shows graphs of the lateral aberrations of the embodiment 4 in; the telephoto end ^ \ . Hi- <■:>; ,;-xt»« > - 
Fig. 18 is a perspective view of a zoom optical system with an entering reference axis taken in parallel tothe X axis. ' 
] Fig -:i 9 shows sectional views of an embbdiment 5 of the zoom optical system According to the invention with the ; 
optical paths shown in the YZ plane. ; ; -e <.,. . t r. r.i; :; ; -v \a 

Rg ! . 20 shows graphs <crf the latere abenafion^of ^^irtK^inlient-S-in -the wide-angle end, o (2,030 :rr;r.f 
20 Fig. 21 shows graphs of theteteral aberrations of the embodiment 5 in amiddle position. - ••[-. suMacs, ■ -set .vj n 
Rg. 22 shows graphs of the lateral aberrations of the embodimem 5 in the telephoto end j- v - - h : v; or . : 
Fig. 23 is adiagram^of the r^sic configuration of the Cassegr^ Uuih ! m - ai-r^-a par 

■i Fig. 24 is a diagram for explaining a first method of avoiding the Shading by putting the principal ray away from-the ' v 
optical axis inlhe mirror optical system ^ ^ * • • • I - ,r - "yv ; ; *n * :,^r- • --'i:-;- -\rr l ar*i -^vifis^^on^^i;. j-.^hi 
25 Rg: 25 is a diagramfor explaining a second method of avoiding the shading by putting the principal ray away from 
the optical axis jinthe mirror optical system; bc^uur wiuf-rs? no-K.a*c- minor I* 1 - 1 W the i ir^i* rrr ex mme? v: > k 
* Fig j 26 is a scherratic diagram of the conventional zoom optical systelrniusirig^irflectingiToiKrors^:- ab lv- snado \c vin 
Fig. '27 is a diagram of art observing optical system using a prism shaving itsrTeflecting $urface<5urved. l ; ! ? r ^iau 
Rg. 28 is a diagram of another observing optical system using a prism having two curved reflecting surfaces. 
30 Rg 29 is a diagram of the basic design of an embodiment 6*>f the zopm opticalisystem according to the inyeritionvi >-< 
Rg. 30 £ & sectional view of the forrn df a first optic^^^riem inithe erribodimfent €. a eraoniJiuv \m\qc. "* iw mag- 
Hg.i31 ;is a perfective view: of th$ first optical efe^ w \*hu .. By th;» k.-ranq*?™^ 

-Fig. 324s adiagfam of the basic design of an iembodimerit 7 of thazpom optical §ystem ; according to the invention. 
Rg. 33 is a diagram crf lhe* basfe design ;df an embodiment <8 oiihe zoomopfical system according to the invention, «a 
35 pig. 34is a sectional view of the optics of the embodiment 6 irrthe wide-angle end. individual opiicai paae. u s pnrWo- 
^J35;is as&tf onal view^of ^ to zd\i& the po^nor^ ?.rn1 ary.-io cy. 

Fig. 36 is a sectional view of the optics of the embodiment 6 in the telephoto end. 

Rg737is*iows graphs of thetlateral aberrations of .-.the embodiments in the wide-angle end. svsujm »n ri ^ m'iy* t^v o? s «; 
r>Fig. 38 shows graphs of thef lateral aberrations of the embodiment 6 in the«niddle position. 
40 ■ Rgi 39 ^howsgr^rts ol^he lateral abferratior^ ^ ^hm i^k 

Fig. 40Jis a sectidnaiyiew icrfitheoptic^ dtthe ernbodimentt 3T: inithei widiB^arigle : end>r sy^ton^^. 

Rg -41 is a sectional view of the optiCscf trje .embodiment 7 fn a' middle position .Ie« : > ;r «-c-uos. th^se res ^ycUi^ u.»r 

Rg. 42 is a^seetional view of the optics of the embocfimeht^dn theieiephoto^end. ^ci:u:^ ^ n w/vjtjfiv. irn? p< ceo 

Rg/43 shows graphs dfithe lateral aberrations of ttie embodimerit'7in the wide-angle end. >: c a K4he i J i *hfv 
45 .-■ Rgv 44 sItows graplis:of the lateraliaberrations^rf 7 in.the middle position. ^ of i ^i^-iO tu *■ i^:^^ 

FFig: ^ 45'shdws graphs of ihe lateral aberration of fthe ernbodiment 7 in the telephoto end. 

Rg. 46 is a SectionalMew of the optics of the embodiment 8 in the wide-angle end. x r - r ^ i vr th^ i ^ : r ;ii v . ^ ■« ^ • •• 

Rg; 47 is a sectional view of the optics of the embodiment 8 in a middle position. 

Rgi 48 i&a sectional view of the optics oftheLembodimd^ n\ u«: Paiarr • o 

50 :Rg;;49 shows graphs of;the)ii^ra!--^errations-.of the^mbbdim^nt 8 iriviheJw1d^-anflle'6ndi;^Ci &x\. m »he .> ' itmr* 
Fig 50 shows graphs of the: lateral aberrations of the embodiment 8 in the middle positipn. 

Rg/51 showsf graphsiof -the-.ldEteral ^aberrati6ns':of. the errtkxJiment 8 in the tel^phbtd end) --.irracc I ^ goinq to iU~ 
juii.ci ;.;Kk? :\i' :r. ''^v < w /jtA-^OT & UT*V. --rv.:rci 1 43 a 1 •: orcnv^ : ."»r^«. /-\:tc- rT :-vi- % pi I ce- ;';.'!■ tclo r .' f-or-"; chfi n- -'»f m'lTC:* ^Vo. 
DETAILED DESGRIFTION. OF XHE^MVENTION- ^ ^oh o powor : v ■;(-h'^vc ^ i'?c^ i^. pcu.^ '^ygh *h st«r- 

Before describing the embodiments of the invention, the way of expressing the various dimensions of the structure 
and the common features of alhthe embodiments<are described below. ; : ? » - - c^r: \ j pa. .v^tn ti i« "oriW.ii; ^ >, . 

Rg. 5:is a diagrarn tak^ri-to*explain atx>ordinate system* desiQri parameters for the:optical» * r 

systemof the invention.* In the embodiments of the invention, the surfaces £re numbeted^consecutiveiy along a (ray of ! ; 



6 ; 
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light (shown by single-dot and dash lines in;Fig.5) advancing from the object side to the image plane. This ray of light 
will be called "reference axis ray", and the irth surface will be expressed by RL 

In Fig. 5, the firs¥ surface R1 is a stop/ the second surface R2 is a refracting surface coaxial to the first surface R1, 
the third surface R3 is a reflecting surface tilted relative to the second surface R2. the fourth surface R4 and the fifth 
5 surface R5 each are a reflecting surface shiftedand tilted relative to the respective preceding surface, and the sixth sur- 
face R6 is a refracting surface shifted and lilted relative to the fifth surface R5. All of the second to sixth surfaces R2 to 
R6 are constructed on a common substrate of glass, plastic or like material to form an optical element. This is a first 
optical element and, in Fig. 5, indicated by B1 . 

In the construction and arrangement of Fig. 5,, therefore, thejnedium of from an object pJane (not shown) to the sec- 
io ond surface B2 is air.The spaces between the successive two of the Second : surface.R2 through the sixth surfaceHS 
are filled with a common medium of certain.rtiaterial. The medjum betweenrthe sixth surface R6 and a seventh Surface 
R7: (riot shown) i&dirr^n > v -\ 'ncoz ;v<\; \ Uha^-. f.-io, /■ nr>iopisc3i e- on. Rr-% I.. < ••;iu» ! k:'pc- a iv./mi' ul I rf.-u^ 
ai\ Since the optical system of the invention is a'decenteringioneiiits constituent surfaces have 'no common optical 
axis. Accordingly, for the embodiments of the 1 invention, the first surface R1 is taken to set up an absolute coordinate 
is system; The original point isipi^atthe vertex of the first surface R1 which.cdincides withthe center of diameterioJ a light 
beam. : : ? : ' ■■.I, ' :•■»*'.;:£■ '"• ' : ^i.'ri^-:: •* ?!:•.-« ^ ■>.< ' , " : - - " ! ^rr, ;i 

; : i-A:Jight ray from the original point; passes through' the optical ielementB1 rreaching the Center of larea of a'pane on 
which to form the last image; The path of this ray is defined as a reference axis of the optical system. Further, in the 
embodiments of the invention;; the; reference.axis has directional factors (orientations)^ The orientation is taken as po$- 
20 itive when it coincides Witii the direction ;in which the ray for the reference; a^iadvarrcefc 1 to the image^plane:- roi^c-tcc; 
Although the embodiments of; the invention will be specified by reference to such ah axis.^ft is to be noted; that the 
choice of an axis to be used- may otherwise be made on consideration of what reference is most favorable to the optical 
design, the balance of corrected aberrations,- or the expression of the shapes of all the constituent surfaces df the Opti- 
cal system.; However, it <is;general that the path of a ray which arrives at the certter of area of the image plane and 
25 passes through any one of the center of the stop, or the entrance pupil, or the exit pupil, or the first surface of the optical 
system and the center of the last surface; is employed asthe reference axis for the optical systems \.i \:?\ ilkihgm 
•c;^That Kr inithelembodimentsof the ihventibn^ determination of the reference axis is made in* the steps\crf selecting 
a ray which crosses the first surface, or the stop plahe; at the. center of effective diameter of the light beam and is to 
arrive at the center of area of the plane on which to form the final image, (orthe reference axis ray) and. tracingthe path 
30 to- whicbH is refracted or reflected: by 6r front eveity one tof the refracting and reflecting surfaces. Ail thelfcurlaces are 
numbered consecutively as such a' ray for the reference axis undergoes successive refractions and reflections. 

The deference axis changes its' direction, as the selected one of the surfaces changes its number, according to the 
law; of ; refraction or reflection, finally reaching the center of the irhagepianeberfio'; ; • &h I a> ; ^ .v* .?.oc;n,ir-j from 
: ■ In everyone of the embodiments df the invention, .the optical system includes lifted surfaces. The tirtingJsdone as 
35 airule inione and the same plarieuSo^thetaxes tif;the absolute^odordinate isystem are def ined as follows. duus 
••novo {luring 7fyyw<x> 

Z axis; the reference axis pacing the originalppintand going to the second surface R2; » l upucai vi&n&n: B I a no 
lUt-i Y axis:- a Jirie passing the original point and rnaking an angle of 90*; with the Z axis <Xmntercic>c^i?e in the tilt plarie 
md (Iirrthepaper of FignSKahd ner-.^vc: ;v.v:f vhe separation ociwtv.r- :be third r.pncui ucmonl B- and ihc tma^plan.fc 
40 rsgx axisia/lfnepassingjheori^^ the Z and Y axes (the hormaiof the paper? of 

;-.» ■j!^.-.:r. c .*- ,a *"'. «iii"ibvdlrr»ent, \ha enlcu'inq extUm* ieieience f*f iho -'i-p r-ptic;^ v'-iM-ia^i B" wC* yarnilol svith 
■ •-• For the other surfaces than the first ^^one, the absolute coordinate system notsurtatrfe feir expressing their:£hape3. 
Toaitow the shape of the Hh surface to be recognized at a glartce, it is better to make use of a local coordinate system 

45 Whose original point is taken at thepoint Of intersection of the reference axis with the i-th surface. In the specific enhbod- 
iments of the invention, therefore, the numeric parameters for the i-th surface are given by using 

the local coordinate system: *h-'- r< ■<>:•• o?^r.M •■."->:■.■ ia;<--iu* nw^nj .—-v :u -r : : ,n-^-.-- - ■»;»?•• tyiHui&oi i 

■: The tilted angle of the i-th surface in the YZ plane is expressed by Gi (in units of degree), the counterclockwise direc- 
tion from the Z axis, of the absdlute coordinate system: being taken as positiveii In the embodiments of the invention, 

so therefore,?theoriginal point of the local coordinate system for each surface lies on the YZ plane in Fig. 5. It should be 
also noted that any surfaces are not d ecentered in the XZ and XY planes: Further,' the y janp'.z axes of the, local coords 
nate system (xfy,zi for iheiKtbJsurfaee are inclined to the absolute coordinate System (X^Y.Z) by .eiinthe YZ plahexSd 
these axes are defined as follows: tiy iU^-m:-aiQ.:^^\r- : »^ ctfof-iivc- i.v2\yirfr v ; ..u ehx.it • A *-l m ^ &a j ^vzu)c\ >:<^U:w 

55 ,z axis:, the line passing the original point of the local coordinates and making an angle 6i with the Z direction of the 
absolute coordinate system counter-cldckwise in the- YZ plane; -^'u r- , ;r. w w ? ■ ;^ imhev-o* iihocurie 

r. f ; ;y axis^the line passing .the»original;point of the local coqrdihateis:andinaKing anjanglex*.©0^w)tii the^z directidn 
i -'<i. lxountercl6ckwise:Jn:the¥Z':plarierand vS/^: : uni : ~- I'v^^fCrlh^aitjM i-.rt 5».;irh npt^-^i'w'"^- • T?e 
".*Ui ; x axis:, the line passing the original point of the local coordinates and perpendicular to the YZ plane. 



BNSDOCID: <EP 07905 13A2_I_> 



EP 0 790 513 A2 



Di is in the scaler quantity, representing the separation between the original points of tha local coordinates for the 
i-thiand (i+1)st surfaces, and Ndi and vrii are respectively the refractive index and Abtoeinumber of themedium between 
thaitfh and {i+d )st surfaces, i \ ^.-r^icf- hf- o-Mk ^ • .yr.fi n vvjk litf;- v;m':>>^ .my to-- c . : • DC^rK^r ir -c- nrr.r,** -r-Mr. 
& Another feature of the embodiments of the invention is that the optical system varies the focal length (image mag- 
5 nification) as a plurality pf optical elements move- To- illustrator invention dby citing numerical 

data, the opticaf system is shown in sectioriaf views in three operativepositfons; namely, thecwide^angle endl(W)t the 
telephoto end <T) and a middle. positionj(M} (therebetween; The numerical data of the variable separations are given in 
tables, i <ij , 'he-. -r\ ' ci va,w\ , rsr.v-.r-r-.ju. ".&».. orrd r- :al.o. . £>■.-:• ; --^c*r: ; urn- o; a.;-; c-i uei .ibeh,; 
:■.»: It is to be noted that the optical element of Fig. 5 moves in the YZ planafiy this, what takes different values with 
w different ioperative positions is4he original point- (Yi, Zi) of the local coordinates lor expressing each surfaca ! In»the 
numerical examples of the embodiments, for a case where the optical elements movable for varying the image magni- 
fication; go along the Z axis, the values Zi of, the coordinates are expressed by Zi(W), Zi(M) and Zi(T) as the optical sys- 
tem is* stationed in the wide-angle end, the middle position and the telephoto end. respectively. For another case where 
the zooming movement occurs in the Y axis, the values Yi of the coordinates are expressed by Yi(W)i Yt(M) and Yi(T) 
15 as the ioptioal system is stationed in the wide-angle end, thetriliddle position and the telephoto end, respfectivelyi v; 

Incidentally, the vatiUes of thexodrdinate of every surface are expressed in relation of the values for the wide-angle 
end. The expression of the values for the middle position and the telephoto end is given by the differences from those 
of the wide-angle end. Specifically, denoting the moved amounts from the wide-angle end (W) to the middle position (M) 
and the telephoto end (T) by "a" and "b H , respectively, the following equations are obtained: 

20 hl{« >-J CY&£ : '^C-\'~^% -iOvVr- hi i j" ■» - < - i< ;* » i" U \X Oui:'. !f«=*U 4 '-w £COii: >.'4.VCai ^/Slftm aCCrOiVi!: K; U'K 

•iy--ntir ■ mi> H'-r :.. i : - Zi(M) = Zi(W) + a ; - ; i--iyi% nir? r»; .-»vkJ< c- --i rv. 

:oom rer*: ''h-.^& rs:*o?.« f : f. out .-.> f ; >o ! unrjrkfJ ciaLn tor *hk* tor: f : '-:!"K>\yr 

Zi(T) = Zi(W) + b 

25 The sign of the "a" or "b" is positive when the surface moves in the plus direction, or negative when it moves in the minus 
direction. The same applies to the case erf 'the npvement iri the Y a|xis. t Such movement causes variation of the sepa- 
ration Di between the i-th and (i+1)st surfaces. The virtues of all the variable separations for each of the zooming posi- 
tions are given together in another tabulation* ; ' !c < J ! <.- ■ ^ 

The surfaces in the embodiments of the inyentiqnare either of sphere or of asphere of revolution asymmetry. Of 
30 these, the sphere can be described by the radius of curvatuiie Bi. The sign of the.radius of curvature Ri is taken as plus 
when the center of curvature falls in the plus direction of the z axis of the local coordinates, or as minus when it falls in 
the minus direction of the z axis. 

Here, the shape of the spherical surface is expressed by the following equation: 

"lH'.-i'- t>iz*s is'* ir*rr s - rri > v'» .. -t - : •■ 
35 (x 2 +y 2 )/Ri 

0« -Z. — 



45 



SO 



55 



1 + Vl -(x 2 +y 2 )/Ri 2 

The optical system of the invention includes at least one aspheric surface of revolution asymmetry and its shape is 
40 expressed by the following equation: 

z= A/B + C^y 2 + C 20 x 2 + C 03 y 3 + C 21 x 2 y + C M y 4 + C 22 x 2 y 2 + C 40 x 4 

where 



A = (a + b)(y 2 • cos 2 t + x 2 ) 



B = 2a-b-cos t[l +{ (b-a) -y-sin t/ (2a-b) } 

+ Cl + { (b-a) -ysin t/ (a*) } - {y 2 /(a-b)} 
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- { 4 a-b* cos 2 t + (a+b) ? - 



t r }x?/(fa 2 b 2 -cos 2 t)D 1/2 ] . 



20 



25 



As far as the variable "x" is concerned, the above-described equatibn for the curved surface contains only the terms 
of even numbered powers. Therefore, the surface-jdefined by. such ^n equation becomes a symmetric form with respect 
to the YZ plane. If it satisfies the following additional condition: 



10 



15 



"Co3 = c 2 7=t = 67" 



the surface is symmetric with respect to th#xz plane. If it satisfies the following furthermore conditions: 



' • \ 1 

iiiw; 

: ;;T. 



•V 
■ KM 



C 02 = C 20- 



'04 



= C 40 = C 22 /2 ' 



fthe surface is of revolution 1 symmetry. In the case of not satisfying the conditions described above, the shape is of rev- 
olution asymmetry;-"^ -■ niW: 

In all the embodiments of the invention except the embodiment 4, the first surface is a stop as shown in Fig. 5. The 
term "horizontal semifield u Y " means a half of the maximum angular field the system covers at the first surface R1 in 
the YZ plane of Fig. 5. The term "vertical semifield u x " means a half of the maximum angular field the system covers at 
the first surface R1 in the XZ plane. Also, the diameter of the stop is shown as the aperture diameter. This regulates the 
brightness of the optical system. It is to be noted that, except for the embodiment 4, the entrance pupil takes its place 
in the first surface. So, the aperture diameter described above is equal to the diameter of the entrance pupil, 
i s St. Also; theeffective'fcrea of the image plane is shown as the image size. The image area is of the rectangular shape 
" with -the ^horizontal sides Hi the y direction of the local coordinates, and the vertical sides in the x direction. 
* ; r> Si Also; in th^nurriferic&t examples of the embodiments, the size of the optical system is shown as determined by the 
>Vi effective diameter of the light beam available at the wide-angle end. 
3d >i -HiiFheriumerical date of design parameters give lateral aberrations which are graphically represented in the operative 
^.position of each optical system. For the wide-angle end (W), the middle position (M) and the telephoto end (T), a ray of 
light is incident on the stop R1 at horizontal and vertical angles of (u Y , Ux), (0, Ux), (-u Y , u x ). (u Y , 0), (6,0) or (-u Y 0) with 
production of the lateral aberrations. In the graphs of the lateral aberrations, the abscissa represents the height of inci- 
dence on the pupil and the ordinate represents the produced amount of aberration. In any of the embodiments, every 
35-- 5surface4s basically formed to symmetric shapes in respect to the yz plane. Even in the graphs of the lateral aberrations, 
therefore, the plus andnninus directions of the vertical angular field become the same. So, the graphs of the lateral aber- 
rations of the miruis direction are pmrttecif6r>the purpose of simplifying the drawings. 
Next each of -the embodiments is described in detaH.below.50 ?69« * -o* 



40 t ({Embodiment 1) v 

Fig. 1 shows sectional views jjn thfcYZ^fenefaf an embocfiment 1 of the zoom optical system according to the inven- 
tion. The present embodiment & appH6d taihe^optical system for use in picking up an image to obtain a 3-unit zoom 
lens. Its design parameters have the numerical values given in tables below. 
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Horizontal Semifield 


26.3 


18.2 


9.3 


'« Vertical Semifield 


20.3 


13.9 


7.0 


ApeHure Diameter 


2.4 


2.4 


2.4 


,wh0re:>-y;f-, 
W: the wide-angle end; 
M: the middle position; and 
T: telephpJtp end 
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j f <. -it i. j Image Size jn mm:'(H?xt\^ = 4.B»xt3.6 .i ^ r« 'm<* » r^.-ih f v ^ 
,...-5 ..r.:?r,£:'- »uv v-.^ v .- v '• 

: i « ■ ; Optics Size at V\MXxY*ZH: 12.4* 32:9 x 62.0 , ; • u si. w f * ^ i 

5 where Horizontal;. and -^vertical ..< ? -i;'; - -.- ! =iiUv . 0:,-^ l o '.V . - ; a. m ^, ?•*..«.■ ? -*v ■. 'ha ■■■ •:;'»• 

• m- r.< o • . , ?it-r-?fviU> C!U"».v;. ri- : v,ik: is;-/ ;y^t*- :.-*« to f^rr* -oik-H -.h -oni -h. ■. : -- ■: ]•'?:: 

i, ^ujv; lY*± ! Zi^N^ ; " : 6i Di Ndi vdi Sur. 

to . i , 0 .00 ^ :0^00 ! .-^^;i.0 i jO0''----'- , ^6vl , 5 0? -^^w *.»•::••:* topi-. -nir -v. 

First Optical Element Bl: 

2 0.00 6/15 - 0 .00 - 9. 00 1 . 647 69 33.80; ^>R^ ' 

^3 0.00 15.15 17.78 11.66 1.64769 33.80 L* 

Uu'nl :V.> • u i.».r.-.-» .'- i'i i: ' 1r*v- .... . r :i -r :ts . :(l :> ; : t ;n 5 Ci C?Uif : f r ' ;> ! -V< 

^ 4 : nv^6 • 78 i : > »=.-i .5 . 6$ c 2 . 45 11 ^2 Or , 1. 64 7 69 ; ; 33 .^80 L rh 
so ■■ ■ \h-r 5>» i-.l-2443 15 J3A ci^l0 ,8i - 10. 61 i 1 . 647 69^ . 33 .;80 -onr-L r 

. .;* .: : .V- • • ■;- *■ ' - f -V; M"V ; -rf.ki ' :■ ^.r<*v i *\ty:i ; : -v» . . ; , : -- v .» v ■:• »■ - 

25 ■ ■' ;■'■->;:.:■> r:u j • m :» ■ '■' \ : 1 ="t; •• sot .;!'; i!-) ,-);^;,!','.' , -i ;»it :,«.»» ! 

^ *ho - .csrtb u June -intc c;f th« tnv^ni'on. r'cvc^^Vr^t:-.^, t K .. rr-te-M'-iK-t: ^ >i>ik^ ; ino :%i«;jx- o: o-^^ilm^ 
-: iriV ^'i-iif::*. Ot'D'-^OJ-- Uia^.'Ht -:ir-'^K.-^. Oi ->| iO p,-, ^ ni u-/;-. O'-iit M (v-^Jiv^ ol jy;'::- 'OJ?* tG iC 

i C r:_- ; j -X'i'wuijr;* 3iv j^c l .'v;y to- fhf - r^M.--^\ f : L- dr a x^irr • * of.^iva .*frac:»-:r.T3 arid j oii : ^c!-or^ 

: v ons or the pfi ibcdfiVfeirlc- r-f inv^"ifir:;i -ru': op*ic? >! iiv-i^lss liilcu ^I'lac^-. Tr.Ci dVmq .s done u£- 

35 j a ri!^ !j : us Hi- a id tr^ r?!as<"i. SO: the «xes-0'i t;ie li^r^i-.nc- cue: da iato tvslo'n c i-Wlnsd.sfi loHc^"?, 

:-" Vl 

..'k-' V .'X : .-:fs> *.hc I.-*-; " ii iz-i ;y ? » ^ - ' ■;H„if:^iv^ ff?: . - '. ; • -i-i ^ !^C>v' '^ii «r«H*r.5^; ^7St@m 

45 / OnqilT*' p^fii U;r«3ii ii .O poii it l(tt€;;it.^'M.»ci- m-C i^fas*. -i'ioe StXki V^:?*:- i ; - V . -v*' " ; th-'.^V^^*^ P*tlbtf*4- 

:;•>•■■•- <1.--:f •": -rr > 

55 - r ,.. v :n;U paif'JPiy t?V.« O'l-'^ri'.i! ^Olrii Xi }/C >OCtu ».:uui J.rralti, i ivia^i-i^ an ^i'iCllc; 0: \-' ; t'- Z 6V tCh'J:- r iiH-i 

. -:;t:. , *h j iffl^ pasi-l-i/ ^igina' n-i^' -,f : v.;:=.| xurvrfc :rt\ty*\ ^»;:K^;^ .;.»na!-.. >;♦ = ■■ v ;■• i*:~t\\yri: 
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.•hr-. i-t-J -".L:i i.? "'"-O ii^L» :h;.,i!:;»i H^*:- '-Miv-: :: :V";v:i: ; . i itl": 'S^rJci ■ i'c'S -rj!-''J''" ; >' o.vf'C ■ .Ul'."."-- -i"^ rU'i'C.IIO^O <Ul Oi)? 'CO'.':'/:. -\ 

6 -14.15 4.82 -17.97 10.69 1.64769 33.80 L 

*•.<". , -wi' a. '■ in :.i ,. -i ' ;;..:o - ,; ;al:^ct c ;;.jf,;;>i ■•• .-icv- -r. 's.ie *i r* .-.•.•f ••K.-mnni fc»1 :v 't> Uw 
5 i... ...... tW ir : r .;„7- • -2-1:; il:!:;. ! '121.38.,, -22.49 ; ;. 8.3!?. , f >. »ars4&?.6S» : '«^3..-f ,«7v: ■ fck 

■on™! it- f >! !.-(•••. i m". r h-' fi'li • crmcn' .-Heme:)' 8.'- co; ifili-ras %; 1 - ; if ! -or. rnit ' n v«?e ••••u^r •' -.r-'l 

:-r,-.|.-ii#. •;.< ,-.r.t8 i: k. 7 21-..7.A .;-,,„: -4* 01, i:. : „ OvQQ ,.-kY9J: f . V fc ,1,. s,T-,i rsitf'. • R 

.. :•>{).' X ste^ds^o h: ^x^in^ surf^e/.;- i; r 'for $gtpfcgg&tfj* .V;* 

' ""^ ; '9/ 1 -21.71 ^10.91 O.dO !t 1.45 7 ; " 1 . 4874 9 70 .21 R' 

i;i:,.-?;V. is ■ j*i actor: ■ iv-'p.!f:h i-^.U-inc n • ^rrC'.^jU : = ,c ff »!*-i.r- yi^.fei.c P. , : --..rr ; - ti^i-'uT- fi'l-i. 

t.:-: i;;:;,: .:-!.; . 11 v :V21»* 71: -f ^12 i SSi i . ; 0 i 00 ' ^lv*;S;7.: -ii-* : 5 1;; 6031/1 : ; ^0 i(6€t-N - 5 . Ry ^ ,>i 0 \^ 

KivC' H*B ' s f ■: i-Mt'ii ii"~-a.';J PXi; • •"■■viiiO ' j; '^1 e$C;imni U4. i"> ! -'lt=-,.: !hir. lh-- rfn J -.i b--;c,n': if 

iM < . -. -21 lk .71; t .. ; 7il ; 4 f 25 h 0. Op s 1.. 3«8, ;i; ..^^p.^l , ; ,. ,6^ ,^7 Hf , : R :!gh< ,, ; , it , 

mo i^^^M -t^i^i.), - ^62, , ,.i s oo ; ; o.io. : i ; , ; .; ann ,„,,«.,..,,,,. by 
^ :f is " ^i .h r-i^ . o : . 06 ;: ' ^: " li^iop";, ; -,56 : ^2- : R t: ' ;! 

£ " v! '-' ih |^ h ' Ns^ij^f ^ o'i 6 ! o •• ' §vi2 ;/ : l i:,c • ■ '•* ,r<we »• p fe! np 

v/rnr.n the ;-;rui una*:?;; : >vor=v,oO 

iT^^^l^?!^ ,: ^1^99 x '^ , " J O-r0©' : 0 .-6T J 1 ! 'I'i 1 7^1 73 6-' : » : - : - : "29' .^5 1- : " " ! ' vR^>s'- ^al c^o- 
B • :;oocnr: c=p'tiu-N-; rlcmfif' B-^ i t:«e tlrrd or He ^ierrcn! B;'; :irw?;' r. ^^ti-. . ^ary .^-ri-v * }:o^n;;py, r !«r fc-urtf j 

rvth s-tjHs^e- fUiir-d Optical Element B3 : 

Di'."> a \'AMY:ifi'A from tl'it vv;do ar;pk-: yrirj c lOsiopPc-ir- lor* t=ipase D^i/^on critical oionuini BS. . 

-iigth el' ihr- r2>0-r-; p^21 .^71^-34 .55, O. OQc,; Q. 71 - ,.1? :0 :- : - : :. : . :n .. .%>> : h;,^ : Jh amc: as 
zoom's 'jogs !>'c>'-V: ^he -anuic w^; { r- th^ E«iup^at?> 

M^an-rrj/ 23 - 2 1.71 -36.22 0.00 2.15 1.60311 60.66 R 

■u-- :.;ij./aiijg^ ? L'2i r ^l ;: ' V: -3 { ST3'iB Ji : 0.00 : - :: 0i ; 10 ^i-" ^ -'^poseu ac-j^cjni io 

: mrFPd :••» tHr, i^S ^' ^-21^^- ~38V4'8 { -'' h : 0 vOQ r -; ^ 8©' 1 i^SSZOi 27 i!5;la;rnnE^n:G^t; 

•n fht: ; j26of^'i;^21?^7:li ^41^32.;rMi :0^a0 >h;; ir0^1 0 1 R 

-'•.iSoij -m ;^i-:V3riiJVi«*""tii«e->i i.Oi-. '>: v 1 v^cr^.-O, i-^-rih ->nd Tif?^ opbca; ^inn^Ub B2. S-? and tJb e-ich &r& 

•ftrc a *.i jr;!?:, : ior. 'f'h!V-a*iov.f:-*h^ fiqhfh^rwr' IriS'Ho ihe.v/O-n o^vac.ji •;y:.^f:n.» io be ■■T/idr-'.cf icra cii?'.irecj H'^mS ^tMfHng 

hr» iiyhj hpsrriJQic ;.f ^21 asv7(4f3r* SZi-tnr^Jsfifti i . f^^jKmrtlot^ ir; 1 hi if. Mortar, ad. R 

'/ftt anaUiftf adv^nlano rt'^iriy f^orn the fcw:?. ihn! th*? e-o-;o;v.i. 1t>i.?f 1.r": and fiftti opiicsi : ?.onlr-, B^t. Bf- 
nave it- :'<-*fi^';t:nt} suifacoo to: rnod o*-; r- " ; rjic! irr^nspnrei^ bod>- ! 3 that the s(=tkH*ng surfaces ccribe poeifcrsod h: a uvr- 
.o 55v/»r:i iobraiice ^a^^ofr?b!lr>c? tf..)!ora i iC».^ i vMicr ^'::it?v ;:dyecib th^ upticai p3dvvn':<?'"C i; \ » • -.r ^tio.^; ?v>:torr'^^..^ s.ui- 
i-^rr. anv loss ot :XtoiEiO;t?n^ a.v^urac\ vviih ciq.-ijO 

rth-:>rnx:!'C- »ha joorn ■jpti.oa! ^yriCirn itu'i'»m opuCtii alemet^ Bl ccHiSli'uctcd ■ wiui co:*»:oal •■^f;UG«!xi SiKiocte 
M : i vi iO fori?* ui a opac^ii sloi-ienn r! i^iO«(>r^, ^ fctucuny rnecnanism become* f.i:r.p!cjr in *:i.'U£.1nre. 



*<5 11 

BNSDOCID: <EP 079051 3A2J_> 



EP 0 790 513 A2 A V 



29 -21.71* -46.00 0.00 O.00 ■ V { -- : ' 1 ■ ' ' 1 I. P. 

where I. P. stands for Image Plane. 

r -•« : ' > j.j:t!:-i« ■ '"-.kr.r^o ^aai:\.j-. 
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D8 
D18 
D28 


14.93 
13.86 
4.08 


. 7 22 
9.52 
16.14 


9.22 
2.59 
21.06 
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R 1 + up to R 8c - 

* ' - in. ; 
R 9 + upto R18: 

.:!»»• • / a^ae 



Zi(M) = Zi(W) 

• a 'f- 5 Zi(T)? te25(W) tr u. .< ae:wia .-v • a ya i; vruix.rJimerit t.r.a rt.ai v-a? iaoc -tap :>a :.a . a-.vn :h * k*. . -• I 

■ Zi(M) = Zi(W) + 7.73 ^a rf »!■?. to .v.r - 'y^v :y:a-a- • :::: M \\v ' a;- - 

; ■ iZi{T) = 23(W) + SiMlC'al a-->aK?»;jiu a* ' is ^a; ! :u -ft- . u : ;i;iv^ : iok' -y^tem OOVjta a: 

R19 + up to R28: c < Zj(M)'±= ZtfW) 5 * 12.06 a »hc :JM!r>oic>? a : tho a--f h r.»>o\vr: nr thr ^ r ru ;> cfomoter "This reguSai**--. fV : . 
=r ; « l :^"!?r-.:; f." ;; t **Zi(5F) WZi(\AQ:+. 16.98a r n r v*oa that. '-,<u.v* ior -hi.- .- s ''i : t«,£;u: 4 Hv.- ^nJ.a»r : s !.r-,r;v 

■: ; . =Zi{W) ; = ; - J?3i!u>-.- ■. :, oCs »;>c:-o =v!-., k ^ it:. "i:. (he ■.■"■! . : ' ■■■ ^nii^iiOG Mup?! 

Ai c r' Zi(T) s Zi(W)' r '' filcii-c i\a ^liov/n Uk: i^iaoo yixs ; I *.. f ir.-.:rr r.r ui :z ih<: r-?rlri't-:; : } ar P^sf.-t . 

=r5'. - : ici U:?ii;irii uidu- i:: y riircotian.r::: !uo =5! f:o; rrii: iates, and tne vc-^ tl^ul ciaus in hio x Uiiocli^n 

jrfacerii ox^rupu^ oftfK- c-)^ibo'.iliV!%:.;^ U»v ^ ..;>c oalk:a' ^y^to;^ : ^ 0&K?rft< ^ 

■•^R 2 Surface: vj;rf^\=^12i622 :lhs^!m p^ j anieic;;^ yr-a ffil^-r-u ab^'ralions v-«ir«d» are yraph-oaiiy fop»eG^ntc-:1 in f.^ Cip^u-uw H 
R8 Surface: >i ^R^ ='-14.877 t^r For tl-.o wide -ancjte end 'VV" ■ 'V,; ; *hn tr^jpfcnto eivl (Tv o rro. : ;,t 

R 9 Surfaces ' R9 =t 12 866 p r : i hor?*or:»d and vsr?k^ dng^t of si!,. ••>•;. -iv; : . : . , x , (• 0} ;".0}ci ; w-. 0) C'iK 
R10'Surface:- ; '^R^^^o^O^nali^^ i- ir. ih^ o-spfc of fh::« saifir?!*; abet •rs.-t i o. , n ; , ?h o nhz&sis vsfxemnte ih-> as ■■ :-] 

RH iSurfacecllicR^-W 1i38L974oidlnate "1 epre&ent? tli^ paxlu.ocd. arrsour/* ul abOiTaoon. fc. aa; v >f amLodiiaei 'fs.. e-.**'-? y 
•-R12;Surface: fv.-^g.!^ 14^258: to syinmclria shapes n • resjjoci to the >vr plane- Lrv^n n • the graph- o! the .fat*, -.ml ab^ivuiioi 
R13. Surface; 0 nJ?^ =^r42^25;c ri: ; ac^it'ns ^ tbo va LiOiii aacaias field beaca^a ia3 aaa.-^. so. ih--; itranfra of ^v? fiiiora^-r:':-=a 5 
R14:8ucface': Hrf.Ri^ w;.14 : .369"or 5 cu:« -arf^tted -nrJr«a purpose c' ,.u i ...Javi«ia iffnrir^viar^ 
R15 Surface: ca«^5 =^298^ >1'n^nff: :c irf^»r.^.»^ Hpiaii 
R16 Surface: R 16 = 58.857 
:aRi 7 = 29.735 
R 18 = -6.045 

:»h^9 a ^98.642/.^^ -;n ti io •Y>rp!--a*i3 of an ?;ntfjtx«inoiu ai iha zub?»i Oiin-c^L iyslerri ncooiciing v.> if iavei 1- 
UR20'- 20:180 >f:r r iy afivi?'-^*' »*.v.^^"- '>r.Ur::-C5! svst<*r? fn rarl-r-a uo ?r» ^nap.s >o f Jirif.* a 3arr»?'. iccr» ! 
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R17:Surface 
R18 Surface: 
R19 Surface 
R20 Surface 
R21 Surface 
B22 Surface 
R23 Surface 
R24 Surface 
R25 Surface 
R26 Surface 
R27 Surface 
R28 Surface 



R2i^r28;327 

R22 = 37.323 
R23 = -11.405 
R24 = 11.769 
R2 5 = 11.362 
R26 = 67.664 
R27 = -6.735 
R28 = -5.455 



Shape of Aspheric Surface: 

aR3: a 1.67 1686+01 
C 03 =-4.89226e-05 
C 04 = 1.08453e-05 




aa :•* 



• Waert; 

b ^-t;4()383e+01 • r^aaiftr= 2.13856e+01 
C ?1 ^-e.30083e^05 ; 

C^= 2:53575e-05 0^= 1.82792e-05 



R4: 



a=-6.16288e+00 



b=-1.19620e+01 



t = 4.52060e+01 
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R5: 



R6: 



R7: 



C 03 = 4.89807e-03 
C 04 = 1 .88551 e-04 

a =-2.03427^+01 
C 03 = 5.02647e-04 ' 



C 21 = 2.67721 e-03 
C 22 =-2.04184e-04 

. b =-2.34954e+01 - 
-~Q 21 = 1.88@11.eT04 



C4Q= 1.07399e-04 



t = 3.70433e+01 



C 04 = 2.09495e-05 2l f 42572e^6 • 2. .92403e-06 

e+01 



a-=-1.22106e+02 
C 03 = 4.66466e-04 



— b=-1.22097e+02 



C 21 =4.88673e i 05 



C 04 =-4.14548e-05 i, C 22 =--1 09844eH04 , 



a =-1.45959e+X)1 r' 
C 03 = 2.7351 6(8-04 
C 04 =-2.28623e-06 



'6U^rfe49^Ve+p2 
• C 21 = 5.85397e^05 ! 
C 22 =-6 : 14890e-06 ; 



4=7 

-« ,C40=-)6.05085e-05 



t = 2.98825e+01 
C4o=-8.24738e-06 



In Fig. 1 , the first ^surface R1* is ; a stop it which the entrance pupil lies. A first optical element B1 is constructed with 
a second surface R2 (refracting e^ of internal reflection in 

curved form, and an eighth surface R8 (refracting exit surface) arranged on one block. A second optical element B2 is 
constructed with a number of lenses with teni refracting surfaces, or the ninth surface: R9 through the eighteenth surface 
R18 arranged on a common ^ is constructed with a number of lenses with ten 

refracting surfaces, or the nineteenth surface R1 9 through the twenty eighth surface R28 arranged on a common optical 
axis. A twenty ninth surface R29 is the image plane M-which the image receiving surface of an image pickup device 
such as a CCD lies. - : ^ ^ - * ' 1 * [ «» :v: ™ ; | * \ 1 , 

The present embodiment is; to form aso-callecl 3-ijnit zopnji lens. The stop R1 and the first optical element B1 con- 
stitute a first lens unjt The second optical element B2 constitutes a second lens unit. The third optical element B3 con- 
stitutes a third lens unit. ^tlm£^jseaM and third lens units ^ry ttiejrrelative positions to perform the function of 
varying the focal length. ! I «v, <-B j -laoo j 12.00 | i Y j I. ; 

Next, the image forming function is described.on the assumption that an object is at infinity. A light beam passing 
through the stop R1 .enters the first cptbaleiement B1 and i s refracted by the second surface R2. Inside the first optical 
element B1 , it is reflected from trte 'successive surfaces R3 through R7. When exiting from the first optical element B1 , 
the light beam is refracted by the- eighth surface R8. During this time, the light beam is once focused to form an inter- 
mediate image in the heighbwhood oj^he fbtjrth surface R4. Further; a secor^ im in the space between 
the first and second optical elements B1 and B2. ! , 

The light beam then enters the secortd optical element B2, within which it is refracted by all the surfaces R9 through 
R1 8 and then exits therefrom^t this time, the principal ray of the light beam is focused in the neighborhood of the eight- 
eenth surface R181o form a pupil. : j 1 -r 1 

Next, the light beam exiting from the second optical element B2 enters the third optical element B3, within which it 
is refracted by all the surfaces R19 through R28, and exits therefrom, reaching the twenty ninth surface or plane R29 
on which the final image is formed. 

Next, the operation of varying the image magnification |s_ described. During zooming, the first optical element B1 
remains stationary. The second opticil element B2 f irsi moves to th^ plus direction in the Z axis as zooming goes from 
the wide-angle end toward the telephotq pnd, and thjenjto the minus o^ecfion in the Z axis. The third optical element B3 
moves to the plus direction in the Z axis, as zooming goes from the wide-angle end to the telephoto end. The image 
plane or the twenty ninth surface R29 does not move during zooming.^ 

By zooming from the wide-angle end p the telephoto rend^ the, separation between the first optical element B1 and 
the second optical element B2 first narrows knd then widens, the separation between the second optical element B2 
and the third optical element B3 narrows, and the separation between the third optical element B3 and the image plane 
R29 widens. Also, the length' of th'6 b^ical pa^ of the entire system beginning with the first surface R1 and terminating 
at the image plane- R29 is kept constant during zooming from the wide-angle end to the telephoto end. 

fin tHe present (embodiment, the entering and exiting reference axes of the first optical element B1 are parallel to 
each other and oriented to opposite' directions. The second optica) element B2 and the third optical element B3 which 
• -perform the functfojn ifrf vsLrjtfng the image magnification have their reference axes in coincidence with the optical axes 
thereof, which are fcpmmbn tfirith each other. The entering and exiting reference axes of each of the second and third 
optical elements B2 ^5nd .B3/are oriented to the same direction. 
55 The lateral aberratidris of the zoom optical system of the present embodiment are shown in the graphs of Figs. 2. 
3 and 4. 

v. iv.. tFdfithe focusingpurposes, the stop R1 and the first optical element B1 are moved in unison to the Z axis to suit to 
different object distances. 

x : An advaritage of the present embodiment arises from the facts that the stop R1 is disposed on the object side of 
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the zoom optical system and that two images of an object are formed in the interior of the first optical element B1 and 
behind the first optical element B1 . By this arrangement, the effective diameter of each of the surfaces of the first optical 
element B1 is shortened. This leads to minimize the dimension in the X axis. The optical element of compact form is 
thus obtained. 

Another advantage arises from the fact that the first optical element B1 is provided with a plurality of inner reflecting 
surfaces which are given proper refractive powers and arranged in decentered relation. This allows the optical path to 
be bent to a desired shape without having to mutilate the light beam in passing through the zoom optical system. The 
total length in the Z direction is thus shortened. 

Yet another advantage arising from the fact that the first' optical element B1 has its rdflecting surfaces formed on a 
rigid transparent body is that the reflecting surfaces can be positioned in a uniform tolerance (assembling tolerance) 
which greatly affects the optical performance. The optical system thus little suffers any loss of positioning accuracy with 
aging. , , : . ; ........... 

Further, the zoom optical system is made up by employing two different types of optical elements in good combi- 
nation, one of which has a plurality of reflecting surfaces formed in unison and the other of which is constructed with the 
coaxial refracting surfaces (coaxial optical element). As compared with the case where the zoom optical system is con- 
structed only with the reflecting surfaces arranged in decentered relation, the produced amount of decentering aberra- 
tions is more suppressed by having the coaxial optical element made to share the refractive power. The use of the 
optical element which is composed of coaxial refracting spherical surfaces facilitates the easiness of correcting ail aber- 
rations. 

Furthermore, such ah optical elemfent of coaxial refracting spherical surfaces is easy to manufacture. 



(Embodiment 2) 



Fig. 6 shows sectional views in the YZ prane of an embodiment 2 of the zoom optical system according to the inven- 
ts tion. The present embodiment is applied to the optical system for use in picking up an image and provides a 3-compo- 
nent zoom lens. The numerical data for this embodiment are shown below. 



30 



35 









X 




W 


M 


■ T'j 


Horizontal Semif ield 


20 ? 


13.9 


7.0 


Vertical Semif ield 


26.3 


18.2 
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Aperture Diameter 


2.4 


2.4 


2.4 



* i « v :i. 



40 



Image Size in mm: (H x V) = 3.6 x 4.8 
. , ; Optics Size at W: (XxYxZ) = 8.8 x,77.9 x 15.6 
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D9 


11.07 


4.69 


6.29 ' 


D1 - 9--» 


-12.38 


8.74 




D28 


4.69 


14.71 


20.42 



10 R 1 + up to R 9:Yi(M) = Yi(W) ; «. v , . 

Yi(T)=Yi(W) 

R10 + tiptoR19: « .Yi(M) = Yi(W)-6.39 . ^ ; 

Yi(T)=Yi(W)-4.78 
R20 + upto R28: Yi(M) = Yi(W) - 10.02 " ■ 
*5 Yi(T)=Yi(W)- 15.73 

R29: . Yi(M) = Yi(W) . ; - -. V- ! ; !> ; > - . : _- . ;_: ... - h ,. . 

- — " " Yirr)-Yj(W) u;.fci^ r- f«.,- :,. ;*i ;, tl ' f Y:*cr-* - 

'• Vli - ir: ' " r!,: ■ l 0-A J P -v ."i-.r.iKr:! :.; v . :s j. A ^:r>Kj op[? c.-V^n? rv_ 

- Shaped Spherical Surface- ic-«;:e» . , ? iv:j su«r'j«i*. c- the n5 r - s i.i ■ cu^co \f r, tbj ■^J^y.ni' ™>v* 

R2Surface: tR^ =5°° T: •-. ■ "* : 1 ' ; : - ;. . . : - - * s .•-;>' i ,■ 

R 9 Surfacer:^ B 9 ^- 14.692:, > ■ i|t rr- i,,^,. . v ,^, r , 

R10 Surface: R 10 ^1 5.785 

R11 Surlace- :e^i^9.9.16 « ; : ; v - i :: u i;: ^ .< » !fi :t n--.v?*.--oo fVi ■'■ vi >\r.- * v m: .r, n 

25 R12_Surface: R 12 =806.578 ^ - -.r,.- :-' r i i-j-.-u L,- • --if .^-. otKi ljsli : Th; : ..-.iV^ { -'^v 

R 1 3 Surface; - = R t3 = - 1 9. 1 36 iUv-:- ' - ^v^^- initr- ^: •, -:>^ r ^ r-y-^Hinr. - io HRriiir- ' i 1 ^ ^ '--'^l ^ 
R14 Surfeicer, '; 1^4= 24:764 

R15 Surface: ? m Rl5^0f26i101 P;* lUiiCUtM-: I?. OS -r^LMr^iOiv inai. Of: of;;c*;? - cil -vi=r,hv n i)gh'" n.^U,J ^^.pf, 

R16 Surface: - R 16 = 7.532 f opfra' r.^i.::.^? b • ai,:' , = ^r?;;irdbv in* ■■:coc«s;! :ac ? R^. i.-i-id^ rvc;^ 
30 R17:Surfacebi ; R^==e12aj78'.?r fi^ ^uf^-^-'C r^Vor*- Omtoo!; R* vVm^i pv;»^ V i hc*'^ ih(> f ; t-o*V^- r Tr B1 
R1 8 Surface: .Rie= ^52.093: by — .-run S;. s RrX n iS -: irK . v ^ :r? . [htj r ,Vn ; ;eteu^'^ r^i^i-^ 

R19 Surfaced Kfl^ r=t5.947 jil h v :!•. n , - ^,1 ;-:,-r r . , $ .,^^1 i.-^^. ir, fr.r.v^i ^ c.-v : -v. 1^4,-^^ 

R2a^urfaCe: U R^= 113.146 • i^n^ ^ f« ; ' ^ 

R21 Surfacet^:^j%^^9r2i0faeie: the ofeco'nn«ir4icai di^i^'ii B;.:. v^ir.in -h;:;h :? is ryliacl^a by au R«) ih/ot^S. 

35 .R22 Surfaceiiie ? R22^ar!6.059-orn ; At ^fki t»r #c ^nocii^l -ov i^o -ant l.^m tn ih« =-oif^^.ori»r^j j m 

R23 Surface:? oR^^>106.47& : - ^r 

R24 Surface: imR^1&867c^ v . :^ ti} : Sli . QtXo*\ ui^f^u Uli bnicrn thiru.optioa! -iemc>nt Be?, -«lj;^ s n 

R25Surface^i ' ffeS= **7i8807ac^ H1m ^ircnqh v\<>b K nc.n wftr. ihcrW.ffo^ iT^chH^j tr?y i^-eiv-v" r«ioih r^';:^r- nfnt*o 
R2e Surface:!: :oR^= r58i89lG ' fanned. 
40 /;R27 Surface; ^^R^6.381 of m\y\ng the ; -nage magnilicailoi = ^ ciesenbea ?Juuhg ^oornino ihe n-t opi^ai eie»nen* B r 
R28 Surfa^iat?R^=: 5.013 - -o i'l opter* -!oiv^r:LB;^;i,a«-ovc^ to the f/i^s dire-riio^ u, th- Z :r^;r, ss-. ^oq> ^nr- qooy frr f r.- : 
ih^ vViu.R-n^^f^ v^iM tfTATM'iltfit; lc?icpiwo..,'?nrf i ' u r-r .-nii>^ djroolion in the Ci;;i:- : third Df.-jlr:^! B'^ 

Shape of ASphetic^Surface:?lp: in > e>iy. -?oojn«v» v^-t th- v^r^iKiif: «mt« ti^ \^h-:^-- onr.i Th*- 

45 R 3: ; a'=>3^92iae+Ot^ ^ wtub ^%564O7e+0O: .pi *t2;62788e+01; iiration uei-^i *. - S i u| y^ ii; b l 
;rv..-v;C63 i = : -3.285aie^04^l 1i09040e-04*hon wk'ior^ Urn ^opefc^w, better fho secor^ or*-*; fa--r«^ 

iG 0 4=«:02002e*05 v r i ' C^^ 7 i 33327e^D5 -m -pr. 045=^.3^472^-05 ir,: ^^ffifij "d6»f:«H .i^Jf v-r^ ? o fJ |tv:? 

R4: S w a ^46438e+00^ y r-'^b -.7.&1244*+0Qi ^^.-i* *.<)5955e^ i l3"i:jiM:-'^J ^ ihc ^k*.hc^>: <vj 
so - ; G 0 3=.8^43381e.04-K-^^;^G 2 ^1^514ae-04. 3 ,:-:i!?:vg r^-^ ^ of if.e ii^i ooitC^J ^necil b { ^i^, r.-. 

^^■• u C^4-92526e-04' ■ ^^1i32799e-03i.f 0^:040-^91919^04^ ^ :*-xvynP?. aW: 

R5Miii»^a =r1.27855e+01.i s-i. ^ r b --2t36243e+01i , r.;t«= 1;.82299e+Ot ^r^.^ n ^ 0 ; ^ th^ ?t t>^n?v? r ir ^ thi-r 
^T:-Oo3=:4:49533e*05l , ^U;rG 2 i^4i24795e^5-r;;G ul or 
55 ^4=*j72263e^05-.:L ..»r €^=^1\26579et04--^or-! ^G46*-1^5426e-04^ ! :^jU s ; ir.wi- i:^ o:.-.phr F-ir^; ^> 



tii :vi T 



R 6: a =^17197e^0a^r ^ to =^60643e+01r> J::- M- 1.428816*01 V B i am \rr : ,, Ki - , : t K , cr , ^ 
Go3= 8.5871 8e>05 C 2 i =-8.69345e-04 
Co^-3;09227e-04 • ^G2 2 =-9.83897e-Q4 



•G4o=*1i26913er03ut oivu > - -c d^KXi^i a-' »r »e v»:i:,v.i s'O- o 
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R »7.r.--: y- . a«-1i3867.Te*01v^& ub =>2^8360e+01 i».e » ct. M *:2861 9e+01 >.rr . . 5 es ioi m- mra^ ;,.irr 
;h jt^3^ ^7138e-05 r ^ , o^2l^?- 0 ^?9^P4n jrtiiP roryrMg -\ s'-r. : .:. c ira ■: '.d r-r • i 

■:«*■. vx- ^jCo 4 =:8£5028e-06 n^i i r.ho fiterer > j. :ir. ra- 

5 . R ;8 * . t i u « .a 7i 3636.1 e+0 1 j ./ i. p * b — 5.55994 9+0 1 ^ ; ; • ' :t i# 7i 0543 :1 ©+01 • = 1 ■ i i ; - :■• : . c* ■: • pwi o ^-.wn'i-u i ..-mp- 
i^M »r. ^ !C 0 3=r1.26030e-04 J- •ai.'G2 1 «--1:97414-e'-03'a *fe p^--r ^'v t-;^- o: ii-e t i*r -il ';v-.;t*»v 

€o4^2- 060T7e-05 if ; hi G22=-2.60272e^>5 I M- G4o=-3.0631Oe-O4 .-.viSD.-^lve /ir / oi a ::H-.;>iy.= 
"jlL.Ton: > ! :-"^ ^ ! - - '■' a : ti io .v. ; »•'» -^trfi.-iii:.* r.»-' !ci- ^4 ( arrl^s 3iv:* tv.o reli^-Curiy 

lnFig.6, the first surface RUs a stop that is the entrance pupilrAfirst optical element B1 is constructed with; a sec- 
10 . ond surface R2 (refracting fentrance surface), six curved inner reflecting surfaces R3 through R8anda ninth surface R9 
(refracting exit surface) arranged on one block. A second optical element B2 is constructed with a number of lenses with 
ten Coaxial refracting surfaces RlOtiirough R19. A third optical element B3 is constructed with a (number of lenses with 
nine coaxial refracting surfaces R20 through R28. A twenty ninth surface iR29 is the image plane coincident with the 
cimage; receiving surface of an imagepickup device such asa CCD. u u ^ it; ^ ck ; ^j £ . -,r r-'-'- ■•-.ir- 
is <•■ . The present embodiment is to provide a soK^Wed 3ruolt zoom lens. The stop R1 and ithe -first optical element B1 
constitute a first lens unit; The second optical element B2 constitutes a' second lens unit. The :third optical element B3 
>t constitutes a Ihird Jens unit Of^hese, the second and third lens units constitute a zobrri. section and move in differential 
relation to vary the focal length. ^= *c-? -, Lho -^\->< ■;<-. v A^o ;n?»rr ; \.-. ?c ne-^-;. .;. ; 

i .ilNext the>Junc6on of forifaing an image with an object at infinityi!S~d^scribed. A light beam that has passed through 
20 the stop RT enters> the first dptical element B1.= In the interior of the first opticat element B,1, the light tieam is. refracted 
:■■ by the second surface R2, then reflected from the third surface R3i the fourth surface R4; th§ fifth surface R5, the sixth 
- » surface R6 t the sev©ith. surface; R7 and thd eighth; surface R8 and then refracted ;by ith© ninth surface R9, exiting from 
theifirst optical element B1 During this time; the light beam is once focused to form an irltermediate irgagd in^the neigh- 
- t borhood ofthe fourth surface R4..Further, a secdnd image is formed in the space between the first djatical elarient B1 
26 - and the second optical element B2. , .\;\ .~.u ?i , -.;.^H--.i *"o:i>:>: 

: :The light brarrithen enters the ^ second>pptical^ ^element B2 In the int^iOTiof the second optical; element B2.; the light 
. v i ;<beam is refr&cted by Ihe surfaces R1 0 throughrRI 9 and then exits thter efrom .- At .this time; the principal; may to* ithe dight 
r beamis focused behind thi nineteenth surface R19 to form apupL-' :plic^ ei^n.enfe are ^ul. - ? 'OY \'^> :> »r ±w 
. Nfext, the fight beam that has exited frorrLthe second optical element B2 enters the^ third optical element B3. In the 
30 interior of the 1hind optical element B3i;.thefight beam lis refracted by the surfaces;R?0ithrough R28;^nd; exits therefrom, 
• i reaching- the twenty ninth surface or plane TO9 on which a final image is formed; ir : '- • - r> r 

Next; the operation of varying the image magnification is described. T^ie first optical element B1 remains stationary 
: 'during zooming. The second optical element B2 first movesito the plus direction in the Y axis as zooming goes from the 
vowideanglesend-toward the telephoto end, arid then to the minus direction in the »Y. axis^The tinird optical dement B3 
35 :>i ^simultaneously moves; to;#ie!plus:cfirection in the Y axis. The image plane or the twenty ninth surface R29 does not 
move.during»zooming. .- '.U* o.:.-Oi">t c-ni&oviirner.: & v.'\v ■:^»\^ as ii^d o\ tnc er»*^xlimen! fx 

By zooming frdrn thecwidd^angle end to the telephoto endi 'the separation between the first optical element: B1 and 
tKithe secorxto^ B2 
oi i&ndithe third optical, element B3 nan^owsj and the s^amtion b^een rthelhi^ 
m 40-\ cR29: widens. Also, the length of the optical path of the entire system from the f irst surface Rl to the image plane R29 is 
-"-•kept? constant throughout the entire' zooffiirigfdftgeL • --pticai :3l'-.-inen* 15 

rln the present erpbodiment; the entering arid exiting reference axes of the first optical element Blimake an angle 
: ?of :90^ with) each othferi T^e secortgl optical .element B2iancf the third optical: element B3 which perform the function of 
varying the irhage rragnificatfon^have their reference axes in coincidehce with the optical axes thereof, which are com- 
45 mon. with each other. "The entering and exiting reference axes of each erf the second and third optical elements B2 and 
} f">rB3.are:oriented'.tO'the'-same direcJlioo:' ? on —"if> v- bux J '«yt$ Uotv. the ^5mb:vdim >;7t-r ;.i a nm\t-<hm 

_\i te i c.DThe laterdl aberrations of the zoom ubptical system of ^e present embodiment are shown in the graphs of Figs. 7, 
' ri&'Bridrtto un'.i^ two ir. uitrftr«r.*i';l 'C-af^r: :Jl»"i:"»o *-corninc. : hn\ n~. tno 1 ix-{ nptn -A ^crnm* ro i..3fH.( cr a arm ienr, 
h.Fofethe f6cudihgpurpos6Sii:the^tbp R1»arid the first opticaLelement BI ^re rhovediin; unison cto the Y axis to suit to 
so ^different object yistancesif m p-:«.xJ!- , f:es-Mn' -H- ..?srrtaci5 ^ ''fixiv.c^v \t;t* ^v-nrie. -v -^iotk;^ cf h tv, h- 

: n -r: ^ An advantage of the present embodiment arises from the facts that the stop R1 is disposed don the object side of 
the zoom optical system and that two images of an object are formed in the irrteriorof the first optica) element B1 .and 
-J? behind thef irstiOptiqaJ'elerrrent'BI^ By; M« surfaces otthefirsttoptical 

- -ifelemeat'eri^hort^nedyTN is 
^ 55 ' ,r4hus obtained. i^ier-v fo t tOL*'J!i..iCiing a.b- us.m. ;:0 f - ac-v^^-evsreo*. 

1; "Another, advantage arises from the fact that the first optical element B1i is.providectwitb aiptuxality. of < inner reflecting 
. Surfaces which* are given proper refractive pdwers land arcahgediin decemtered relations ; This ?aHoiws the optical path to 
belbent to a de&ired shape Without having to mutilate ;the light beam in passing through /the zdomioptical system; The 
^ totaHength in; thie Zidirdction'is thus shortened. : ^ i^ov.^r^ *;>y- ru^nnc^. fr-^-v rnos.- •v^w ^r.a?^ * nr» 



17 



BNSDOCTD: <EP 07905 13A2_t_> 



EP 0 790 513 A2 ><>. 



Yet another advantage arising from the fact that the first optical element B1 has its reflecting surfaces formed on a 
rigid transparent body is that the reflecting surfaces can be positioned in a uniform tolerance (assembling tolerance) 
which greatly affects the optical performance. The optical.system thus little suffers any loss 6f positioning accuracy with 
aging. - • ~- r r- - ■ : - I- - : 

5 Further, the zoom optical system is made up by employing two different types of optical elements in good combi- 

nation, one of which has a plurality ;, 6f f^l^ihg surfaces formed in unison and the other of which is constructed with the 
coaxial refracting surfaces (coaxial bpti^ optical system is con- 

structed only with the reflecting surfaces arranged in decentered relation, the produced amount of decentering aberra- 
tions is more suppressed by having the coaxial optical element made to share the refractive power. The use of the 

10 optical element which is composed of coaxial refracting spherical surfaces facilitates the easiness of correcting all aber- 
rations. 

Furthermore, such an optical element of coaxial refracting spherical surfaces is easy to manufacture. 
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(Embodiment3) 

Fig. 10 shows sectional views in the YZ plane of an embodiment 3 of the zoom optical system according to the 
invention. This embodiment is applied.to the optipal system for use in picking up an image and s provides a 3-component 
zoom lens whose range is about 3. The numerical data for this lens are shown below. !''..= 
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70 < ' R 1 + up to R 9: Zi(M) =r Zi( W) , 

R10 + up to R19: : iZi(M) = Zi(W) - 10.30 

. j; ' Zi(T) = Zi(W) * 8.32 : - 
R20 + up to R28c Zi(M) = Zi(W) - 12.79 , ; 
is Zi(T) = Zi(W)r 17*50 , ^ 

R29: s v Zi(M) = Zi(VV) 

•o q!':',., Zi(T) = Zi(W) *J 
=• ' • • v '...\ 
Shape of Spherical Surface: a m-« ,h. 

20 • ; •• -AMOii.- (V»U;.;> _u.-;v: 

R 2 Surface: Rg = -9.470 ^ ' 

R 9 Surface: Rq* 12 397. / . ; .v - ;;t-r •• f; ;- ro:Yu. :; ^;.i by kv- ai^ih ,,. 4: f,. : ^ Hr ; :<;jr ^ 

R 1 0 i Surface: : -R-j 0 =^ 1 8X)96 it. ?-v* ihi- H-f^ Ji^ivbsarn is?oncc*foTJ-^^ (.^ i-r;- ; ni .^rnt f f ,- a c?fe ibt n^iuh- 
R11 Surface: • R 11 =>12 488 r -- ? v i - r - - - . :tf ^ ! .- ^-k^ • 

25 R12 Surface: ? R 12 = -22 656 • m 

R13 Surface: .;R 13 = -11:326 , h ^ secoi k1 cviw^i ^r if -., k ^> - r-.r. irr^nc- oi The ^ocond OiXM.^i ^^r.v^: b;-' ; r ; 
R14;SuriaGe:^Ri 4 6± 39j44a^ud:ncG^ f-; s; ;r-r^nh r>iq r^o ificn a tk. rhrr-r /•= tirr.k in- .^l rav ot.ti^ Myfil 
R15 Surface: jlR^= r16.896^ ci- 'a^ i ; j m- ' y pr^ii 

R16 Surface: Ri 6 =7 231 ova = s -i- tV. ^,,v , , t --; : - :P ,c,.^ :, :5V e„, Lh« ,r M ^ u r ,^- ^-r^,. , ttlfi 

30 R17^Surface:in'R^^r53i267?!3n^nt Q:;?, '^urn io retfscted by ;>ur^wes RiO ■^■o^h Rfi^ -7rrJ T-:Hr: f h^rofro^* 

R19 Surface: i?r*R^-6?222v; , , : i riXm ^aqi^ffM k-n ^^-rlb^ ViVsi'mM Wal m^hh. = ^;-<- ^aw.>j^-., 
R20iSurface: -iv R 20 =^103.294Ki cr&mi -v.^. :v- f rho vm- nHV.-ii-r- 'nr v >ooi^nci no^ frtw, i|-. e 

R21 Surfaced oR&Wr;13.173- ^v^^ <wJ, ^ ih - .-^ ci«'ecii:^ - «hG V >f:;i:f, Th^. t ; f , ilieiU B 3 

35 R22>SuEface-:KR22»i21v609 i!>« Ofur; ci«racti.:?i « in ?ho / f-xig Tho iir^ae pbnt the iveiUv ™-v*: ^^T-ic^ R^R roi 
R23 Surface:! «g R^ r56.334 

R24 Surface; • R24= 19,368 .% u ^ ^ in ti-, ioryr« i^'-- cf!;/;^|x-u utiiii • ^ •; ^:>-::ri s e v.i b ; uri-J 

R25^Surtace: d ;:f^5«'-9:i54:-ni '^^t :\z^o&s ana ihwn vvic>?,?^. iM^-^-ivar^ur' mfrvw. ir?*? Gei:orv:i optical el(?»v^»*-B? 
R26;Surface::r^R^>35/7«4:?v^ B;:- r^r.o^. and ihc-o^r^'^^c?-; nctw^Gn tile fsvru opt?cy; e-leir^jr- ai^ jhe ^maoii p^o 
. ; R27^urface:rtb. Rj^= 7:a83rK?tiv on: - ? >«.ptk^ pair? of ttetii uvsmr?. «^>> ^Vsc tsi.-yfec^ Rt ^ i^.a I'V^qe pi?*4 R>*9 
R28 Surface: 1 nR23==7X)84- - : ; ^ v^k r: ^:i - • 

Shaped Aspheric Surface:; • ; ^tptk^irefo»^i the c?M!^:?l ^- v^v s$ -vrm:>i oerl-jrH: ihof«»vfen^ 

45 /R 3:u ;i: , a =rt.2977>1e-h01 =-1^1952e+01 -f<=rf>^.« 2;50000e+0d >v ih^ f co-a fiM.rf ;f.-pfr : .^i p> 

- Go^=^i25585e-05^me v:i:C^f*>2.14047e-04 

Cb4^2.44891e-08 C^=-2 05t23e^05 < ) . G4o= ^18194e-05 - ■ v Vua >r ^ s r,:;, w 



R 4: a =*t;29087e4flt r b ^-8.14895e+00 S ;« • t =-4;67120e+01v i.; 
50 ■> € 03 t^5:33084e^04 Cg^ 1.13391 e-03 

Go4=-2.45Q84e-06 C 22 =-2.01069e-04 1.53466e-03 . , n H wx s « - ^ o : *e o 

R 5i.er.iitf ^1.8363>e^1e:a3 ic it>^2i14773e^1 - •t>:^{83?07M>1^ ivr^.r or o;u h c -rii:- r^^nf^ ; ! ? ip,^,; t -s 
■,:!?rr- fijfeW 3i66045e-05^ ! - 02^2:041 10e-O4 thr .-^pinr? .^h: ^ - r?; . n r --.^t --j.^^--.; ,y r?f5n:? , ? . c ; V;r o 
55 { m G64^4-32368e-07 C2 2 =-8.35352e-06 C4o= 1.98574e-05 

R 6:.*.-:<a^-lAS6729e+00v' , -ry^^mMZe^^ ^ trf^rv. rir optlcra! f xuh ro 

: «j ^ Co3= 1 .77224^04 i?;r v i G^ 7;97292e-04 ' riw ,-; : k *?s*-i:n h'^.i;,. JNioiMn*' fnc, zoorr: oi^tcrJ 
Go4=-1 .31 OOOe^OS ti »^2*-4.24244e-05 C4o= 4. 1 7627e-05 
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R 7: a = 6 95459e+00 b^9;77460e4>00 t 4 =f 4.22976e*0.V 
: C 03 = 1-48091 e-04 C^i 1 :42273e-03 W< U> )F: 

C 04 = 2:36t93e-05 C22= 4.19020e-05 C4o= 1.80 643 e-04 

5 R8: . ... a = 2,61262e+01 J b .» 1.59224e*01 t =-22.2220e+01 
C 0 3= 4?T4325fe-05 - G£i=4.47240e-04 

C64= 3;20699e-06 : C22^3i07287e-05 ,00^^^582236-05 
e-Cr; :; . T9v.55:y:-::y i; t1 «. i.=)399'::. -c^ 

In Fig. 10, tfle first surface R1 isaTSfop that is the entrance pupil. A first optical element B1 is constructed with a 
w second surface R2 (refracting entrance surface), six curved inner reflecting surfaces R3 through R8 and a ninth surface 
R9 (refracting exit surface) arranged on one block. A second optical element B2 is constructed with a number of lenses 
with ten coaxial refracting surfaces R3.0 through R19. A third optical element B3 is constructed with a number of lenses 
with nine coaxial refracting surfaces R20 through R28. A twenty ninth surface R29 is the image plane coincident with 
the image receiving surface of an image pickupdevice such as a GGD. : 
75 The present embodiment provides a so-called 3-unit zoom fems3(Tbfc stop R1 and the first optical element B1 con- 
stitute <a first lens unit. The second optical element B2 constitutes'^ Second lens unit. The third optical element B3 con- 
stitutes a third lens -unit. Of these, the second and third lens units constitute a zoom section and move in differential 
relation to vary the focal length, 
n k Next, the function of forming an imageiwithan object at infinity is described. A light beam that has passed through 
20 the stop R renters theiirst optical element B1. fin the interior of the first optical element B1 , the light beam is refracted 
by the second surface' R2, then reflected from the third surface* R3, the fourth surface R4, the fifth surface R5, the sixth 
surface ,R6, the seventh surface F?7 and the eighth surfaceR8 and then refracted by the ninth surface R9, exiting from 
the first optical element B1 . During thistfme, theJight beam is once focused to form an intermediate image in the neigh- 
borhood of the fourth -surface R4. Further, a second image is formed in the space between the first optical element B1 
25 and the second optical element B2. 

The light beam then enters the second optical celement B2. Inlhe intenor of the second optical element B2, the light 
r cbeam is refracted by the surfaces R10 through, R1 9< and; then exits r 1herefromrAt this time; the^principdl ray sbfctha light 
ri itbe&miisfocussed behind the nineteenth surfaceRI 9 toform a pupil.:rtei nn;i r..,-U' ?h ^tr.iace *M : : • j ^tr 's s>ai 

Next, fhe light beam that fias exited from the second optical element B2venters the third optical -elefhent B3.i ln the 
30v- interior of the third opticafieletheht B3; the light beamis refracted by the surfaces R20 through Fjt28vland exits therefrom, 
bireachihg the twenty nlrrth^urface orplarie'R29;on which the final image isformed. x Nation a; d dc-eulereci, 
» :i Next^the operation i of vlarying the image magnification- is described.: The fir^ c^tical el^errt BlTernSlhs stationary 
• ( (during zooming. The second optical «lernent;B2 first moves to the minus direction in 4he Z axis as^oonriing goes from 
; ^ the'wide-iangle-end toward the telephoto end, arid then tothlBi plus ^ optical element B3 

35 oc(^uJtaneously rrioviesip'the The image plane or the twenty ninth surface R29 does not 

mdvetduringizoOrningc ':? h\\ 'V- i P.r- u\q o-^ccnci apnea; ,Uuy\iiO.\ bk aposii.vvi ov^ai: . !>c;ci»-A pow«»* 
i:;\o no By zooming fromtheiwiderangle end to the telephoto end, the sedation between the first optkal element Bl-ahd 
r ^'the second: optical element B2 fh^f nmows and}theniwidens; ihe iseparation between the second optical element B2 
and thethirdioptical element:Ba;nanows, :andthe^s^aratiOTi b^e6n the third optical element B3 and the image plane 
40\^ R28 widens: Also^theten^of |the^^ entire System from the first surface :R 1 to- the image plane £&9 is 

; kept constant throughout the ehtire zoortiing rain^eJ i ^ l cogo:- ?.^ t. u « v -n re^fi^-d *n ■•?.;{ti-*3 'w? 

-oui In the.preserrt embodiment, the entering and exiting reference axes of the first optical element B1 are parallel with 
each other and; oriented to the same, direction; ;The second optical element B2 and the third optical element B3 which 
perform the function of varying; the image magnification have their reference axes in cdincidfence with thef optical axes 
4&u thereof, which are common withj each jdthfer.i The entering and exiting reference axes; of e^ch Of the second and third 
optical elements iB2 and B3 are oriented to the same direction: th<? I^&m '• -ifrr^sc- <?.* ?ha v~m\ nurVire 
i : f*i w The lateral aberrations ©ithe zoOm ofrtical system of the present embodiment are shown in the graphs of Figs. 1 1 , 
1 2 and J13: ^ f trnt i n "--i^c t -4 r - : j:;u ?-;jiical ol^mer^ B-U r -'-rii-yiv itrcnv, <ir- :;r>::>yz ^ ;weiir= ci.h Rl'A 
' :vFor the focusing purposes! the stop R1. and the first optical ^lemfent.BI are moved in ; unison to theZ ayis ; to suit to 
so ;»:idifferent Object distances.. iV.k>:>j>.e:. iv}& ?m\ ;|t«?- i'>. : *ir-?a .f^tw-icn :m<, imo .>:»c:.-t(.:J ::\- n\t* ?;a;tii 

An advant^ge of the present embodiment arises from the facts- that the stop R1 ist disposed on the object side of 
• na,the zoom optical. sy^emi^ncLthat twoJr^ the interrori ^of ithe^ first optical elerrient Blcand 

,c!behind>the first dptifcal element B1 , By;t his arrangementl the effec^v&diamseterof each of the surfacfes of the first optical 
i : i^elehrifent . B1 ris shortened; This le^ds to minimize the dimension in the X axis. The optical element of compact form is 
55 thus-obtainedaiiU £9 nrophs ot Uvj liters :;^o.r_u!o r - ; . u : ; ; ;h:g^ sy«icivi ir^ «;a-d*"(iie &ki 'ViO. 

j s r :.;dit". [ Another advantage arises from the fact that the first optical element B1 is provided with aplurality- of inner reffecting 
, surfaces which .arte given prope^refractjve ( power^and arr^ 0ath to 

! .^. bei)entto a desired ?hape witiOutihaving to;rhutilate the light be^m ip parsing trough the zoom ioptical system. The 
total length in the Z direction Jstthusshortenedn:- -zo> j v > {y •.■:>»"' ^ ^ m . r.»r >o :;v Inn n. i^tiorr 
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Yet another advantage arising from the fact that the first optical element B1 has its reflecting surfaces formed on a 
rigid transparent body is that the reflecting surfaces can be positioned in a uniform tolerance (assembling tolerance) 
which greatly affects the optical performance, ifhe dptical system thus little suffers any loss Of positioning accuracy with 
aging. • ' i .... ... r . ..u ... ... . .j ... 

Further, the zoom optical system is made up by employing two different types of optical elements in good combi- 
nation, one of which has a pliirality^of reflecting ^urlaces formed in unison and the other of which is constructed with the 
coaxial refracting surfaces (coaxial bptical element): As compared with fhecase where the zoom optical system is con- 
structed only with the reflecting surfaces arranged in decentered relation, the produced amount of decentering aberra- 
tions is more suppressed by having the coaxiat optical element made to share the refractive power. The use of the 
optical element which is composed of coaxial refracting spherical surfaces facilitates the easiness of correcting all aber- 
rations. 

Furthermore, such an optical element of coaxial refracting spherical surfaces is £asy to manufacture. 

Although the foregoing embodiments have been desoribed in connection with the optical element of reflecting sur- 
faces on the one block which is fixed and the coaxial parts which move to effect zooming, variations may be made by 
fixing the coaxial parts and moving the optical element of reflecting surfaces on the one block to effect zooming. An 
example of such a variation is described below. . f / : : ; y 
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(Embodiment 4) ? '"J. J^' v ' !. I V .l;'_ ... \ 

•^sc ; »i>fi,;cii r-.Mj.itiiii BP 

Fig. 14 shows sectiohaTviews^h the Y2 plame of an ennbodiment 4 of^^ zdom optichl »syste^n according to the 
invention. This embodiment is applied to the optical system for use in picking up an image and provides a 3-componerrt 
zoom lens whose range is about 3 The numerical data fbrihis lens are shown below. 
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R 1 + up to R1 1 :2i(M) = Zi(W) 

■ .v : *i(73=Zi(W) 
R12 + up to R18: Zi(M) = Zi(W) + 2.48 

Zi(T)^Zi(W) + 5.14 -,.uu^c -i- 
R19 + up to R25:; Zi(M)><= Zi(W) + 2,^4 

o - - i *Zi(T)0* Zi(W) * 11.32 0t 
R26: - ' Zi(M^=Zi(W) ™ ! C ;?<or-?o o 

: Zi(T)jiZi(W) ^ i.i^Sr^r O? 
. ; . 59 "5" o 09 
Shape of Spherical Surface: 

R 1 Surface: : R 1 05 

R 2 Surface: 1 R^ 10.000 
25 R 4 Surface: R^^GOOO 

R10 Surface/ 1 Rfo- -3.796 

R11 Surface: £1.1 31237 

R12 Surface: R 12 = 96.928 

RIB Surface: c R# 10.281 
30 R19 Surface: Ft,^ -68U222 

R25 Surface: i R^:<w 07 



• /no 



Shape of Aspheric Surface: 



35 R5: 



4(? R6: 



a = °° b= °° 
Co2=-2-77a57e-02 
C 03 = 2.17709e-04 
C 04 = 4.81535e^5 

<':. :iteZ£&-97 

a = o*A.46r^l>-a 

C 02 =-2 07844e-03 
C 03 =-1-20110e-03 
* Co4-^1^5746e^04 >* >.h 



-'V'."."' " : ■"• ■ 

t = 0. 

C2o=-3.6t721e-02 
02!= 8.175186-04 
C22=-2.24283e-04 

t = 9f406Se-03 
C 2 o=-3.13275e-02 
C 21 =-7.31324e-03 

! .G22=-9*98634e-04 



C4o=-5.50769e-05 
C4o^2.62001fir04 a! » 



45 Rj7h Wtmmlu iH.bm.maco »*l*Ntef- fity-r •;• -u;-^ cW^-ifcu-^i, Kuri h foinWsi^acr: R4 

i ^'lre 02 ^ 2,65330e^ : C^-4.37591e-02r h;^y Hw- r^;^-^:^^ r*cfe AST, ^orvvr;; .^ir:.'.^, ^ p 
; i0^-. - -Go3=2-37808e-06i ,;•«» |G 21 =-9 02645e*0$n 0^ ^ .-,(:r:.^;;icun- ; —f: - v. ri s ;; .,:a^e Rv^ ...*fi: loiiiv : 

-:%ari:.-C^j ; ;21344er05 ; pv r : -,^^8.82376*05 ,d «jC^*H9.77dri8e-05 ^njcr -1 c^c f c; :> •. oi iiirtft. ■ ■ ^ier- 
-m ; v' n^^ii'. a ri»v;» ? P9 frof»y .;t: : : Oak t.qct» -.>f COii/fcy foi-r.) ^ 1 ;i< bt.viy Ti-s^ t -k?Vitr 

so ^ ia.fe'op^ «a aba-^ r-^i^t^ >i„»:^cc-. 4 ih^-l Glo^r^f r>:'. "> ir f u?^ ^.a ^ •., tir^-^jvti -Oi^' v-rih • tci.-ti- 

Cb2=^5^9968e-03:; > : ^ 0 ^IOX)09J*02^r*f A hvolff^ ^ur»ac^ Fri? - f^i -,v : 

. ! h« Go4^5:38006e-05 B» . j? 0^3:355566^04:; - G^^;23857e<)4; h:ive ^ i,^,u^a v>wnra- .vijucm-- 
w:i mov-:- : .n inn?.Q' tl . •;on^tiiuung .atrrc* tenr? '.;n?t ftr^rit ten;:, unit; fhf? th«?d i>plicnl ole^rr»n; rj^ m^.-- ^ n^rjr*t» : a rofr»rti»*r- 
55 R.9ie> . c«-*ii*i:i!rK'? ab»^«r,f #8: (jmi .^ns u:rt) which ?rovos -ji.i^k: y.^irliLg. ' 

.f: :!Cb^1:86844e i 02^ VunciC^b^a^^eKJfi^ Hv- assu^^n tna! an obj^t cii irir.n^v A i ; gf« i^m ,,o:n«no 
rrc;i- an cG^4:19348e-04;- : ^1 ^^6c>72125e^04 an.;! fho flqht beam :s ro-; ^hted -n t?w. -gh ^our&i .5 u -i:.icii 

^c»:Go^6;12Q34e-05' -.e oBcX^^.47535e^5: l K 0^5:09619^05 tcoeo-. m.J hr> - k ro^cted f?K 
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w 



15 



20 



25 



K 30 



35 35 



4* 40 ■ 



R13: 



R14: 



R15: 



R16: 



R17: 



R20: 



R21: 



R22: 



"i ■»- S A* .1 i'. 

R23: 



•k? 45 



£0 



R24: 



a = 00 b = 00 
C 02 = 2.26678e-02 
C 03 =-2.57750e-04 - 
Co4=-2,40426e-05 ,: ; 

a — 00 b = 00 1 ■ 1 
C 02 =-4.00972e-03 t , 
C 03 =-4.46529e-04 
C 04 =-2.56127e-05 

a = 00 b = 00 
Co2= 1 41059e : p2 ' 
C 03 =-8.17957e-05 \'.pii 
C 04 =-1.06545e-Q5 : ; ; 

a = 00 b = 00 
C 0 2=-8.51071e-p5 
C 03 = 1.68862e-u4 
C 04 = 1.08096e-06 



t=0. 

C2 Q =2.41426e-02 
0 2 6383e-03" 

G 20 ^ 7fl4507§-p3 
C 21 =-2;31087e-03 
e 22 =-t.36947e-04 

t=o. 

"~ G 20 = 2 96468e-02 
C^=.9:43283e-04 
9 2 2r*2,82343e-jP5 



D- ! NJi ! S. 
0^= 2.8241 2e4)5 



Slli. 



■-41 



t=o: ;/ ' ^ ; 

( . C 20 n 2.^391 5e-Q2 
G 2 i=3.65939e-03 
l> Cfeg&-i 1 . l 80358d-04 



Third ; s *rti- 
a — 00 — b = 00 

C 02 = 1 .328746-02 0 
C 03 =-6.81885e-05 
C 04 = 1.7Q534e-05 



. ! 



a = 00 b = 00 
C 02 =-1-66195e-02 
C 03 =-2.82112e-04 
C 04 =-3.71423e-06 

a = °° b = 00 
C 02 =-2.13470e-02 
C 03 =-7.85470e-04 
C 04 =-1.61086e-04 

a = 00 b = 00 
C 02 =-2.30872e-02 
C 03 =-3.03473e-06 
C 04 =-3.08514e-05 

a = 00 ;i( fb =-«0'- f ) • 
Cb2=-2.42£6pe-02W: 
C 03 = 3.732£«er0f V) 
Cm— 1.89r|^e-0KW! 

a = 00 £iOVb = «?(V*v": 
C 0 2=-1-92202e;oe^^ 
C 03 = 1.04217e-04 
?€ 0 4=-d.55696er05 



.si' |"lf.rnf:nt R3 rMenr-.liv 

_ t f 0 . 

02^=2^4218^-02 

Oc C 2 t= 9»64816e-04 
., 622= 4.931 43e-05 

T=o7 

C 20 =-1-97204e-02 
C 2 i= &70403e-05 
C 22 =-7.20107e-06 

t = Q r - : — ~ 

C 20 =-<2;-682boerO? 
C 2 t= 4.612866^03 
C 2J >=-1 96712eK>5 

: or: ! v.-i.:- 1 ?) 

t=0.- J 

C 20 =-2.69354e-02 
C 21 = 1.13297e-03 
C 22 = 5.26162e-05 

-1:70 

- KC£o=-4.51798e-02 
3?Cgi= 4.33871 e-03 
iCC£= 1.70543e-04 

t=6. 

C 20 =-2.60605e-02 
0^=3.770426-04 
C 22 =-2.50258e-05 



C4o=-i.25987e*04 



C40F 4.4566^6^5 



€40= 9.97536e-05 



.8- 



4? 7p 



! p. 



51564e^06 



C 40 =-6.70241e-06 



C^-6.343626-05 



0^= 3.43593e-05 



0^= 3.82206e-06 



C 40 =-2.42690e-05 



? i In Eig. 14, & first optical element B1 is in the form of a refractive lens with a first surface R1 and a second surface 
R ^R2: Acthird sujfacfeuRI OS a stop. A second optical element B2 is constructed with a fourth surface R4 (refracting 
• . eenlr&nce surface), five curved inner reflecting surfaces R5 through R9 and a tenth surface R10 (refracting exit surface) 
R ' arranged on 6ne blocteCA; third optical element B3 is in the form of a refractive lens with a 10*-th surface R10' and an 
55 ~nieleveirth:surface R1 ^.incidentally, the second and third optical elements B2 and B3 are cemented together at their 
: adjoining surfaces R1G &tltf R10\ 

A fourth optical element B4 is constructed with a twelfth surface R12 (refracting entrance surface), five curved inner 
reflecting surfaces R13 through R17 and an eighteenth surface R18 (refracting exit surface) arranged on one block. A 
fifth optical element B5 is constructed with a nineteenth surface R19 (refracting entrance surface), five curved inner 
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reflecting surfaces R20 through R24 and a twenty fifth surface R25 (refracting exit surface) arranged on one block A 
twenty sixth surface R26 is the image plane coincident with the image receiving surface of an image pickup device such 
as a CCD. , j M - ; "*," " j ^ 

The present embodiment provides a so-cailad 3-component zoom' lens. The first optical element B1 , the stop R3 
the second optical element B2 and the third optical element B3 constitute a first lens unit. The fourth optical element B4 
constitutes a second lens unit. The fifth optical element B5 constitute a third lens uriif. Of these, the second and third 
lens units constitute a zoom section ana* vary their relative positions. to vary the focal length. , 

Next, the function of forming an image with an object at infinity is described. A light beam that has passed through 
the first optical element B1 and the stop R3 successively, enters the second optical element B2. In the interior of the 
second optical element B2, the light beam is refracted by the fourth surface R4. then reflected from the fifth surface R5 
the sixth surface R6, the seventh surface R7, the eighth surface R8 an<jl the ninth surface R9 and then refracted by the 
tenth surface RIO. The refracted light beam enters the third optical element^ ^ncf : is' redacted by the eleventh surface 
R1 1 , exiting from the third optical element B3: During this time, the light beam is focused to form an intermediate image 
in the neighborhood of the sixth surface R6. Further, a second image is formed in the space between the third optical 
element B3 and the fourth optical element B4. ! 

The light beam then enters the fourth optical element B4. In tHfe irrterior of the fourth optical element B4 the light 
beam is refracted by the twelfth surface R12, then reflected .from the thirteenth surface R13, the fourteenth surface R14 
the fifteenth surface R15, the sixteenth surface R16 and the seventeenth surface R17 and then refracted by the eight- 
eenth surface R18. Then, the light Beam ! exitfi from the fourth optical elem£m &4: During this time; the light beam is 
focused to form an intermediate image in the sp^ce between the fourteenth surface R14 and the fifteenth surface R15 
Further, the light beam forms a pupil in the neighborhood of the sixteenth surface R16. 

Then, the light beam enters the fifth optical element B5. In the interior of the fifth optical element B5 the light beam 
is refracted by the nineteenth surface R1$, then :refljBcted.4roni 'fhelv^^'Mds'^T^ twenty first surface R21 
the twenty second surface R21. the twenty third surface FI23 and the twenty fourth surface R24 and then refracted by 
the twenty fifth surface R25 r the light beam thus exits frorn the f ifth^optibai elementiBS. During this time, the light beam 
is focused to form an intermediate image irtdhe neighborhood of the twenty first surface R21 . 

Finally, the light beam exiting from the fifth optical element B$ a^riyes ^t^twenjy sixth surface or plane R26 on 
which the final image is formed J "'~ •; ' ^ * 

Next, the operation of varying the image magnification is described. The first unit composed of the first optical ele- 
ment B1 , the second optical element B2 and the third optical element B3 remains, stationary during zooming. The fourth 
optical element B4 moves to the! plus direction in the 2 axis as zooming goes from the wide-angle end to the telephoto 
end. The fifth optical element B5 simultaneously moves tb the plus direction in the Zaxis. the image plane or the twenty 
sixth surface R26 does not movb during zooming. ; ; - \ v> iY) \ • ( v JV > . 

During zooming from the wide-angle end to the telephoto end, the separation between the third optical element B3 
and the fourth optical element B4 narrow^, the separation between the fourth optical element B4 and the fifth optical 
element B5 widens and the separation between thefifth.optical element B5 and thd image plaoe R26 widens Also the 
length of the optical patfr^^jentir^ .system/frpm the first surface F*1 to the imkge plane R29 becomes longer as 
zooming goes from the v^e : a^£fe^ 

In the present embodiment, the entering arid exiting r^eiienceaxes or^c^fSiiicdntf, fourth and fifth optical 
elements B2, B4 and B5 are parallel with each other and oriented to opposite ^directions. ; 

The lateral aberrations of the zoom optical system of the present embodiment ^re shown in the graphs of Figs. 1 5, 
16 and 17. ; j ...... : 0 i v -< * .sctfno \ S\->3" ? L 7 

For the focusing purposes, ihe first optical element B1 4s moved to the. Z axis tb suit to different pbject distances 
An advantage of the present embodiment arises from the facts that the stop R3 is disposed adjacent to the 
entrance surface R1 at which a light beam first enters in the: zoom optical system ahd that an image of an object is 
formed in the interior of each pithe second, fourth and fifth optica! elements, B2- B4and B5. By this arrangement the 
effective diameter of each of the surfaces of these optical elements is shortened. This leads to minimize the dimension 
in the X axis. The optical element of compact form is thus'bbtained. 

Another advantage arises fromlhefact thatthe second, fourth and fifth optical elements B2, B4 and B5 each are 
provided with a plurality of inner reflecting surfaces 4 which are given proper refractive powers and arranged in decen- 
tered relation. This allows the light beam inside the zoom optical system to be folded to a desired shape without causing 
the light beam to be blocked off in any part. The total length in the Z direction is thus shortened. 

Yet another advantage arising from the fact that the second, fourth and fifth optical elements B2, B4 and B5 each 
have its reflecting surfaces formed on a rigid transparent body is that the reflecting surfaces can be positioned in a uni- 
form tolerance (assembling tolerance) which greatly affects the optical performance. The optical system thus little suf- 
fers any loss of positioning accuracy with aging. 

Furthermore, the zoom optical system has its first optical element B1 constructed with coaxial refracting surfaces 
(in the form of a coaxial optical element). Therefore, the focusing mechanism becomes simpler in structure. 

Another feature of the invention is that the entering reference axis of the first optical element B1 which does not 
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move duringZooming as in the above embodiments 1 to 4 may be inclined by a certain angle with respect to that plane 
which has so fgr contained ail of the. reference axeg, that j$, the Y£plane r t By disarrangement, thejdegreeof freedom 
iarilpeforrn of cameras can be, increased: ;t ~ : V v._,. ~ l ]-:-.r.*h?rrp*i>r\w ;>;o bv ^yi> M ■^■\^u r :.v i 
Fig. 18 is a perspective-view of a zoom optical system with the entering- reference- axis oriented to parallelism with 

5 the X axis. This optical system is derived from th6 first ernbodiment 1 by providing the space between theiiseobnd sur- 
faced and the ftiird surface R3 wrth an inner reflectir^ The 
entering reference axis of Ihe fir^ opticxilielement Bt iathiisset up inparallfeltothe X axis. 

In Rg TB t ;a .first^optical element: B1 remains stationary during zopming, so corresponding to the first ojnrtotthe 3- 
unit zoom optical syStem^lt is to be noted, that the first bpticakelement BV tei shown by its reflecting surfaces, along in 

io perspective;view.:A second optical element B2 and a third optical element B3 move in differential relation to vary the 
focallength^so constituting a zoom section.i The secbnd toptical element B2 fconespdndsato the; so-called variatorand 



the third optical element; B3 corresponds to the so-called compensatorat 



&vr;in*u": 



;i : ; The sedond And third optital elements B2 and B3 move on orte aDmrhoitlin&tthe aligned optical axis of these opti- 
cal elements) in the YZ plane in. Fig. 18. All the reference axes of the second and third optical elements B2 and B3 lie 

75 v on this line. 1 ■■ v:--.j: u - cc.-i.-,; -.- f> r>->. vi,j iri,: V i« .kyr:.. ?*op.»al»r.- . -iv . :am^ -a o ;u. : !ie:Vi ... ■ 

' In this optical system, jsome of the reference axes withiri the first optical element B1 stationary during zooming, 
: ... jpamely a reference axis Al|24hro6gh £ reference axis A1 ,8, must exist in the YZ plane, htowever/the others, hje., a ref- 
v erence axis AO from the 'Object to the stop^and a , reference 1 axis- Ali 1; from the sjop 16 therf irst reJlectingslirface»R1 ,2 
are not riteessarily present in^e^fane otthefr^fereftcefaxes^Z-planeyrr.i hn/nn trrm*/j in on*; ii ,ir > .-.o .:.•?'<; !yvj v 
20 o c>irJn trtheriwbrds; the present fem^^ 

rtion of the reference ;axis AO entering from the direction df the X axis to the direction of the Z aixis. In such a manner, 
• :?the;cfirectionrof a light Ibeam lettering the zoom.t^Dtieal system. cian be determined freely when the reflecting surface 
R1 <2iS disposed at an appropriate pointlin the neighborhood of ihe entrance surface R2 of the* irst reflective block and 
. inclined by an appropriate angle to the YZ plane in whichithe laterirefererice axes are contained. This leads toapossi- 
25 v. bility of increasing the degree of freedbm for the design of cameras. : : sob: ; i ; <a hi.:: *>rH<-., 
roup ic-lai avi'^) ■•: Wv^ ' ..Ur^iuv 'SJ\ : .. .r:p^ vvMch iviz orien !«i ihe ir-^'ror Syrterr. 

(Embodimerrt5)->yr.-^r r:oror>."' : ^er* p^mlrl; r>? op^r-ii eiemci:^ . i ho plurality t;f opi.'CJa; wfyirkjiifc, in-riiiCte i»r.: opii 
::i ..:t^r!i.^ii> i irtVi :"iC; l ? A*".« *"i-fi"?!'jij'''i(s swfa^ss anr? i.H s i:"rilil;' c- ^IH'CtiriO siiflaocs tnciTOd in ^ trarspa* -smi 'X'.^y. oe :! ^: 
Fig: 19ishows?s^ionaJiviewsiin^ 
3ff:i> dnVentipn. ^;ThLs^embodirrientd^ applied to the 6ptic6lsi?st6rn:for use in;pickincj:tip aft imd&e- arid provides a a^fcomponent 
.\ i: zoom tens whose r&nge is ! about 2. The numerical data to the embodiment 5 areishowri below. -c-L^mi ol,-:t«v e to 
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R4: a= 1.45475e+01 
C 03 = 8.6361 7e-04 
C 04 = 8.1361 1e-05 

15 R5: a=-9.91101e+01 

C 03 = 8.70976e-05fjT; 
C 04 =-1.72354e-04 ? ^ 



R10: a = 4.10898e+02 1 
C Q3 =-1.57719e-04 
^f^iC^^5494ge.06 
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In Fig. 19, the first surface R1 is a stop that is the entrance pupil. A first optical elemejnrt B1 _is& refractive lens 
formed with a second surface R2 and a third surface R3. A second optical element B2 is i f6rM^ : w^ fourth 
surface R4 and a reflecting fifth surface R5 each as a surface mirror in unison on one member. optical element 
B3 is a refractive lens formed with a sixth surface R6 and a seventh surface R7. A fourth optical Wrn^ht .|$4 is a refrac- 
tive lens formed with an eighth surface R8 and a ninth surface R9. A fifth optical element B5 informed with a reflecting 
tenth surface RIO and a reflecting eleventh surface R1 1 each as a surface mirror in unison on w^member. A sixth opti- 
cal element B6 is a refractive lens formed with a twelfth surface R12 and a thirteenth surface RJ£fc ^teii^enth surface 
R14 is the image plane coincident at the image receiving surface of an image pickup device sudh as a CCD. 

The first to third optical elements B1 , B2 and B3 cpnstitute a first lens unit. Jhe fourth and fifth ppti<^il elements B4 
and B5 constitute a second lens unit. The sixth.optical ^ement B6 constitutes a t^ird lens urtit,G)f th6se, the first and 
secor^j^rjs ^nil^^psititute a zoom segtjpr^nd '^r^thl^rcilaBye i^j^hs^avU^^ t[^ ! f5^^Mji- i '")' 

"Next, 1 the tancfiori of forming an image with ^:^e^dt '^ir^Jte d€^£e^ passed through 

the stop R1 and the first optical element B1 su^^iye venters the second I ^iical element B2,-ii the interior of the 
second optical element B2, the light beam is reflected from the fourth surface R4 and the fifth surface R5 and exits from 
the second optical element B2. During this time, the light beam forms an intermediate image in the neighborhood of the 
fifth surface R5. Then, the light beam passes through the third optical element B3. * " , 

The light beam then passes through the fourth optical element B4 and enters the fifth Optical element B5. In the 
interior of the fifth optical element B5, the light beam is reflected from the tenth sitrface^R|a^^.,th^ejeventh surface 
R1 1 and then exits from the fifth optical element B5. During this time, the light beam^mCa^P%%^|pace between 
the tenth surface R10 and the eleventh surface R1 1 . ~$30*Q 

Then, the light beam passes through the sixth optical element B6 and forms a final image on the fourteenth surface 
R14. / 

Next, the operation of varying the image magnification is described. During zooming from the wide-angle end to the 
telephoto end. the first lens unit (the first to third optical elements B1 , B2 and B3) moves to the plus direction in the Z 
axis. The second lens unit (the fourth and fifth optical elements B4 and B5), too, sirriulteneou$%tniSves^Q the plus direc- 
tion in the Z axis. The sixth optical element B6 and the fourteenth/ surface R1 4tthat is the irn^^lan'e^b not move dur- 
ing zooming. 

\ B^m& B\$the widb^rplt^ element B3 and 

the fourth optical element B4 narrows and the s^aritjWb^i^ element fe^rri ttie sixth optical ele- 

ment B6 widens. The separation between the sixth optical element B6 arkJ iridjjmage plane R14 does not vary. Also, 
the length of the optical path of the entire system from the first surface R1 to the image plane R14 varies, becoming 
ever shorter as zooming goes from the wide-angle end to the telephoto end. 

In the present embodiment, the entering and exiting reference axes of the second optical element B2 are parallel 
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with each other and oriented to the same direction. The entering gnd exiting^referenoe axes of the fifth optical element 
B5 are parallel with each other and oriented to opposite direction^: ; ,. r; .. . /■>.,.!,. 3 

The lateral aberrations of the zoom optical system of the present embodiment are shown in the graphs of Fiqs. 20 

21 and 22. . : ...,*■ . ' 

For the focusing purposes.- either the second lens unit (the fourth and fifth optical elements B4 and B5) or the third 
lens unit (the sixth optical elementB6) moves to suft to differem object distahces. ' ■■■■*.\hv»* " ; ^manr i 

An advantage of the present embodiment arises from the facts that the stop' R1 is disposed on the object side of 
the zoom optical system and that an object image is formed in the interior, of the second optical element B2. By this 
arrangement, the effective diameter of each of the surfaces of the second optical element B2 and those that follow is 
shortened. This leads to minimize the dimension in the X axis. The optical elements of compact form are thus obtained 

Another advantageanses from the fact that the secondandfrfthioptical elements B2 and B5 each are provided With 
a plurality of reflecting surfaces which are given proper refractive powers and arranged in decentered relation This 
allows the light beam inside the zoom opticat system to be folded to a desired shape without causing the light beam to . 
be blocked off in any part. The total length in the Z direction is thus shortened. *< < ■.■> >; ■■ ., • 

Yet another advantage arising from the fact that the second and fifth optical elements B2 and B5 each have its two 
surface mirrors formed in unison on one member is that the ref lecting surfaces can be positioned in a uniform tolerance 
(assembling tolerance) which greatly affects the -optical performance: The optical system thus little suffers any loss of 
positioning accuracy with aging: y^-.-. «. .. ;.-;.•>•;• - •« ■■ ■:• f ^ :fi , h ,. • ... , 

Further the zoom optica) system of the present embodiment is,made.up by employing a number of optical elements 
of two types in good combination, one of which has a plurality of reflecting surfaces formed in unison and the other of, ; 
which is constructed with the coaxial refracting; surfaces (coaxial optical element). As compared with the case where 
the zoomoptical system^ constructed only withthe reflecting surfaces arranged in decentered relation, therefore thea 
produced amount of decentering aberrations is more suppressed by havirig the coaxial optical element made to share > 
the refractive power- The use of the optical element which is icornposed of coaxial refracting -spherical surfedes facili* 
tates the easiness of correcting all aberrations. •' 

Furthermore, such an optical element of coaxial refracting spherical surfaces is easy to manufacture. 

Itistobenotedthat. since, in the present embodiment, the sixth optical element B6 is a refractive lens the direction 
of the exiting reference axis from the sixth optical element B6 is the same as the direction of the entering reference axis 
to the sixth optical element B6. However, it is to be iniderstood thatir» dired^ 

are notcohtined^as such.'For «ixamp|e;*e spaee;t>etween:the sixth optical elemerTte6 ar«J4he?imagepfane Rt4 may 
be provided with an additional mirror 5inclined'45 e to the YZ plane so that the exiting; reference axis is bent to the per- 
pendicular direction (parallel to the X axis) to the paper. 

Also, for the entering reference axis to the optical system, a mirror, for example, may be disposed on the object side 
of the stop R1 and inclined 45° to the YZ plane so that the reference axis enters from trie perpendicular direction (par- 
aUel to the X axis) to the paper. The use pf sucha ^^.-nn^ervniote'inpnm the degree of freedom for the design 
of cameras ; > * ' 7: * ■<■*':<>' ]*.><■■ . " 

Of the above-described embodiments; the embodiments 1 to 4 each provide a zoom optical system comprising a 
plurality of optical elements induding an optical element having two, retracting surfaces and a plurality of reflecting sur- 
faces formed in a transparent body, being arranged" such that ailiglrtbeam emerian inside of the transparent body from 
one of the two refracting surfaces and, after being successively reflected from the plurality of reflecting surfaces, exits 
from the other of the two refracting surfaces, and an optical element composed of a plurality of coaxial refracting sur- 
faces, wherein an image of an object is formed through the plurality of optical elements, and zooming is effected by var- 
ying relative positions of at least two optical elements of the plurality of optical elements. The embodiment 5 provides a 
zoom optical system comprising a plurality of optical elements including an optical element having a plurality of surface 
mirrors integrally formed and decentered. relative to one another, being arranged Such that an incident light beam exits 
therefrom after being successively reflected from reflecting surfaces of the plurality of surface mirrors, and an optical 
element composed of a plurality of coaxial refracting surfaces, wherein an image of an object is formed through the plu- 
rality of optical elements, and zooming is effected by varying relative positions of at least two optical elements of the 
plurality of optical elements. 

Besides these, according to the invention, the fourth optical element B4 and/or the fifth optical element B5 in the 
embodiment 4 may be otherwise constructed with a plurality of surface mirrors decentered from one another and made 
up in unison, such that the entering light beam repeats reflection from the successive surface mirrors, before it exits In 
this case, there is produced an advantage of reducing the weight of the zoom optical system. 

Also, in the invention, for the optical element which contributes to a variation of the focal length, the direction of 
zooming movement is not necessarily parallel to the direction of the entering reference axis to the zoom optical system 
Depending on the situation of the design of the image pickup apparatus, the direction of zooming movement of the opti- 
cal element may be changed to an angle of. for example. 30°. 45" or 60- with respect to the entering reference axis to 
the zoom optical system by inclining the exiting reference axis of the first optical element. 

Next, another form of the zoom optical system will be described below. 
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When defining, as a reference axis ray, a ray of light which comes from an object, enters the zoom optical system, 
passes the center of a stop and reaches the center of a final image plane, defining, as an entering reference axis of 
each surface, each optical element or each lens unit the referencetaxis ray which enters each surface, each optical ele- 
ment or each lens unit of the zoom optical system, 'defining, as an exiting reference axis of each surface, each optical 
5 element or each lens unit, the reference axis ray which exits from each surface, each optical element or each lens unit 
of the zoom optical system, defining, as a reference point, an intersection point of the entering reference axis and each 
surface, defining, as a dir^fjn^of j^s^jenpg fefc^nc^ ar)ff f ^irecjjpnj jpf tfie exrtfnp reference axis, directions in 
which the reference axis ray advances from an object side to an image side in the entering reference axis and the exit- 
ing reference axis, respectively, th^.zoom optical system comprises the stop, at Je^f onepffTaxial optical element hav- 
10 ing an off-axial reflecting surface inclined with respect to the reference axis ray, drVd &\ -least One coaxial optical element 
composed only of surfaced of revolution symmetry with respect to the reference axis ray, wherein zooming is effected 
by moving the at least one off-axial optical element and the. at least one coaxial optical element. 
In particular, the zoom optical systemjias the following features! " r - i ^ ...... >r 

The off-axial optica! element is an optical element haying two refracting surfaces and one or more off-axial 
is reflecting surfaces integraHy formed in a transparent body. 

The off-axial optical element is disposed immediately before and/or immediately behind the stop along the refer- 
ence axis ray. 

The stop moves in unison with the off-axial optical element which moves during zooming. 
The coaxial optical element is a single lens. :» I 

20 The direction of the reference axis ray passing through the coaxial optical element is orthogonal or inclined to 

the direction of the reference axis ray passing through the stop. , 

Further, when defining, as a reference axis ray, a ray of light which comes from 'an object, enters the zoom optical 
system, passes the center of a stop and reaches the center of a final image plane, defining, as an entering reference 
axis of each surface, each optical element or each lens unit, the reference axis ray which enters each surface, each 

25 optical element or each lens unit of the zoom optical system, defining, as an exiting reference axis of each surface, each 
optical element or each lens unit, the reference axis ray which exits from each surface, each optical element or each 
lens unit of the zoom optical system, defining, as a reference point, an intersection point of the entering reference axis 
and each surface, defining, as a direction of the entering reference axis and a direction of the exiting reference axis, 
directions in which the reference axis ray advances from an object side to r an image side in the entering reference axis 

30 and the ^rting^erericS axis; respectively, the zoom optical system conpris"^ In bVder fr along the 

reference axis ray, a first off-axial optical element, the stop, a second off-axial optical element and a coaxial optical ele- 
ment, wherein zooming is effected by moving at least one of the first and second off-axis optical element and the coaxial 
optical element. 

In particular, the zoom optical system has the following features. 
35 Each of the first and second off-axial optical elements is an optical element having two refracting surfaces and 

two off-axial reflecting surfaces integrally formed in a transparent body. 5 

The direction of the entering reference axis and the direction of the exiting reference axis of each of the first and 

second off-a^lx^ti^ each other. '^r^ : ^,^_j ^^^^~^ Trs - r -. 

The f irst off-axiai optical element, th^stop an0 the second off-axial optical element move in unison during zoom- 
40 ing: ' } ' 1 * 1 L u 

The first off-axial optical element, the second off-axial optical element and the coaxial optical element move inde- 
pendent of each other during zooming. 

The direction of the entering reference axis and the direction of the exiting reference axis of each of the first and 
second off-axial optical elements are orthogonal to each other, and the first off-axial optical element, the stop and the 
45 second off-axial optical element move in unison during zooming. 

The co^ial o^^ i( ^ J ^•■■^t^r^±r' 

Fig. 29 is a diagram of the basic design of an embodiment 6 orthe zbom bptical feystem according to the invention. 
A reference axis ray 12 passes at the center of the aperture opening of a stop 1 1 and arrives at the center of a final 
image plane 16. Optical elements 13 and 14 each have a reflecting surface (not shown) inclined to the reference axis 
so ray 12. (The inclined reflecting surface to the entering reference axis is hereinafter called the "off-axial" reflecting sur- 
face. Also, the optical element having the off-axial reflecting surface is hereinafter called the "off-axial" optical element) 
The first off-axial optical element 13 and the second off -axial optical element 14 are arranged along the reference axis 
ray 1 2 in this order from the object side. 

A third optical element of -revolution symmetry whh rei^cMoJhe reference axis ray 12 (or coaxial optical element) 
55 is disposed before me finiaHhiiage plane 16. The first off-axial optical-elen^nt 13, thje stop 11 -and the-second off-axial 
optical element 1 4 move in unison as a front lens unit 1 7, duriqg^ooming. The third optical element 15 sirnultaneously 
moves as a rear lens unit. ; ; I . 

Here, the front lens unit 1 7 has a positive r,pf 1?f$j[f Rowj?$ !#ie rear lens unit 1 5 has a negative refractive power. 
As a whole, they constitute a 2-unit zoom lens of pllis : minus power arrangement, wherein the rear lens unit 15 bears 



31 



BNSDOCID: <EP 07905 13A2J_> 



EP 0790 513 A2 

the function of varying the image magnification, while the front lens unit 1 7 compensates for the image shift. 

The reference axis ray repasses at the center of aperture opening of the stop 1 1 and is refracted or reflected by 
the successive surfaces, finaliyfarriving at the center of the final image plane 16. In the invention, the reference axis ray 
is used as being equivalent tolthe optical axis of the coaxial system. Although the reference axis ray has been defined 
as encountering the center of aperture opening of the stop and the center of the image plane, the invention is not con- 
fined to £ucha definition, provided that it is representative of the effective light beam of the optical system. 

Fig. 306hows the structured the first off-axial optical element 13. Fig. 31 is a perspective view of the first off-axial 
optical element 13. The first optical element 1 3 is formed with two refracting surfaces 41 and 44 and two reflecting sur- 
faces 42 and 43 m a itransparent body Incidentally, the reflecting surfaces 42 and 43 are coated by the vacuum evapo- 
ration technique or the like to form mirrors. The refracting surface 41 is an entrance surface, and the refracting surface 
42 is : an exit surfaces <:.e i ■ • - ; - '/;>;..:-• --.n,: • . .y v^-.a r> , H ,p . 

In the front lens unit 17 of an embodiment© dt the invention, such optical elements as the first off-axis optical ele- 
ment 13 are arranged on either side of the stop 11 In symmetric relation. By this arrangement, the principal ray of any 
angular field is guided symmetrically in respect to the stop 1 1 at every station in the entire zooming range, thus produc- 
ing an effect of canceling the decentering distortions by each other. This would be hardly obtained if the front lens unit 
1 7 is constructed with dne ^off-axial optical element. The use of the unified form of a number of surfaces like the first or 
second optical element 1 3 or 14 assures a higher positioning accuracy than when the individual surfaces are set up one 
after another, thus obviating the necessity of adjusting the positions and the inclinations. Also, there is no need to use 
a member for supporting the reflecting surfaces. Therefore, the number of i parts is reduced. 

Another advantage arises>from the^main contribution of the reflecting surfaces to the required refractive power for 
the optical element. This allows the refracting Surfaces to have a greater degree of freedom. So, despite the desired 
refractive power being held, it becomes possible to suppress the produced amount of chromatic aberrations. 

The present embodiment employs such optical elements in thezoom optical system with an advantage of obviating 
the necessity Of using a' positive lens and a negative lens in one unit for the purpose of correcting chromatic aberrations. 
So, the zoom optical system ;can be constructed with a smaller number of optical parts. 

In the present embodiment, the off-axial optical element and the coaxial optical element which is constructed only 
with surface^ of revolution: symmetry; are used.in combination. Thiscleads to achieve a zoom cpticaJ systemiiaviin^a^n^ 
smaller total numbed 
unit andiheone negative lens i& 

>Ffg: 32 rs a diagram the basic aesigri'of art embodiment 7oMh6 Zoom optical system according tothfe; irtventionl; r c 
Thisi embodiment differs from the embodiment Sin the construction of theifrortf lens unit. In Flgj 32, a first optical ele^i.K 
ment21 anda^cbhdo^^ 

optical element 14 of the embodiment €, respectively. Even in the present embodiment; the first optical elemental 
stop^T aridithe.sec^ optica element 22 to system andthe third 

•optical efementitS c»nstiMeR^earclehs^hifciL> mx! :3a constitute a in iU ' k?^\n ano* wtical clziminv m 

JTieizbomingjtmethod of theipresent ernbodintentis the same as that of the embodiment 6. ,< ' <.;; ihcr^.'ths? frr.i 
Inthe present embodiment, the first optical element 21 and *he second optical element 22 eachare arranged so 
that the entering direction of the reference axis.ray is orthogonalrto the exiting direction thereof, thus reducing Jhe size 
of thetfrontJehs unit 24\n the zcdirsction;^rherefore„the total length in ;this direction becomes shorter than that ot.the 
:«mbodimert^.tacidental^ 

tion l 6f.the^elefreriCe:axte.ray p^rt9 thrqugh--tfie-thWtl optical iBlerifentit5?rr ym\^Kn?:-* r< -sue v ; ?or -■•r>-yh^>onr* ; 

Further, the: basic (opticah arr^ementiof theipresent embodiment is the same' as that of the embodiment 6 The 
optical events 21, and 22 araarranged on either side of <he*top* it « in symmetric relation to? correcfrdecenterintf dis 
tortion in partidulari The dther^ffecte arg th e same as in the embodiment 6. i*:,*h ~.>A-^, K i--;- : ; : ns 

Fig. 33 is a diagrams the basic design of ^ embodiment 8 of the:zdt>m o^tidal system according to the invention: f 
This embodiment resiemWesJH conistruction inrfth the embodiment 6, but differs from the embodiment 6 in a point that 
the fronf fens unit shown in Fig. 29 is divided ihtatwb parts with the result that the entire system comprises three units:. 
These three units move in differential relation during zooming. That is, the first optical element 13 is used as a first lens 
unit, the stop it 1 and the second optical element 14v^a second Jens ur^ and the tWrd optfcaT element (coaxial optical 
elemenj) t15 asa third lens unit. >Tras|»:oducte& an ^ ^ant^eiofireducing the ran&eof variatic^ of, decertering aberra- 
tions of thfe optical elements 13 and, 14 during zooming - -ont> w uy} bv kk». .-in -wv - - : -^hs ^ -e/- 

Even »n the pressm en^ 

of revolution symmetry are used in combination, thereby producing an advantage of achieving a zoom optical system 
with a smallertofal numbc*of parts.iln the case of Fig: 33rtwo off-axial optical elements artd one negative tens, that is w » 
threeparts. am^MiQ^^or^fystmchnQ ai3i-unit zppmioptical^stem: ;qU& c-^r,rs.M^n:^i u5 yi£- o^ioui 9=e 

The m6thbd; of expressing :the design parameters for the following numer^ 
as that forthe numerical exi^rnples^ the enibodiment^ 1 ,to S,; butdifferent points are mentioned befowJ \ mw. i .e^rr*..-? 

The values otthe coordinate of everysurfalceare expressed in<reletion of .the values for the wide-angle end. For the 
middle position* anclthetel^ the wide-angle end: ju-v 



.-or- 
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Specifically, denoting the moved amounts from the wide-angle end (W) to the middle position (M) and the telephoto end 
(T) by "a" and tf , respectively the following equations are obtained: 

Zi(M) = Zi(W)+a 

5 

Zi(T) = Zi(W) + b, 

where the sign of the "a" or "b" is positive when the surfajbe movies to the plus direction, or negative when it moves to 
the minus direction. The ones of the separations Di which vary with this movement are variable. So, their values for each 
10 zooming station are listed together in another tabulation. 

Di is a scaler quantity representing the separation between the original points of the local coordinates for the i-th 
and (i+1)st surfaces. Ndi and vdi are respectively the refractive index and Abbe number of the medium between the i- 
th and (i+l)st surfaces. Incidentally, the stop and the final image plane, too, are shown each as one plane. 

The embodiments of the invention have spherical surfaces and aspheric surfaces of revolution asymmetry. Of 
15 these, 4 the spherical ones are taken as sphere and described by the radii of curvature Ri with plus sign when the center 
of curyature^ls^on tti^plus side of the z axis of the local coordinates, or minus sign when it falls on the minus side. 
' 3, 5tfre shape of the spherical surface is expressed by the following equation: 
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1 + 7l-(x z + y 2 >/Bi 2 v 
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The optical system of the invention includes at least one aspheric surface of revolution asymmetry, and its shape 
is expressed by the following equation: /.. ^ I , ' • '• " '' 

'*' ( *r! ! .<:>>-*.^. . f ■■->■- — r • <v >- — — I 

' M V ? % V m § mmm m 

J. xt-tfM j^P^ + C 22 x y + C 31 x y + C^Xj.^^ i'jjjif/^j: 
+ Cogy 5 * c u*V* '* c 23 x f y 3 + C 32 x 3 y. 2 +fG 41 x 4 y* C 50 x 5 



+ C 06 y° + C^xy 3 + C^xVyCaaxV + C 42 x V + C 51 x°y +C ggx ' 

.v? Hi %% / t .,- ■ (ii / 

A = (a fe b)(y? • 



3 3 



4 2 



where 



•cos. 2 t+'x 2 ). 



.04 



m 



- r/h 



B = 2a-b-cos t[l + < (b-a) -y'sin t/ (2a-b) )i 

+ Cl + { (b-a) -ysin t/ (a-b) ,A'r 6£yV4a-b) } 

... , 3$ — ^ •/ 
- {4a-b-cos 2 t + (a%5^iri\ t} x 2 / ,( 4a^cp^ : ^)^if 4f> 

\, ^(tvif}"^' sites -v44«-vjS 

In the surface formula described above, "A/B" shows trie? fehape of the surface of the second order. So, this formula 
expresses the shape of the aspheric surface of revolution asymmetry based on the surface of the second order. In the 
embodiments of the invention, however, ;}}}, Ifxf ^MGfc 



A/B = 0 is set, 

V \ >\}l 

in the surface formula described above. This implies that the surface is of revolution asymmetry based on the plane. 
55 Specifically, regardless of the value of T, the following condition is obtained: 

a = b = 00 

Further, all the surfaces of revolution asymmetry in the invention are formed to the shapes of plane symmetry with 
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' -i ;i i '-v,c , • : . ; ; c 1 1 2=c 3o=c v 3 =c 3, =c 14 w C 32=c 50=0 15 =c 33 =c 51 = o • ,,.... o,', ; .... ■ ";: ;. 

lateral aber aborts. theabscissaHsmlhe height of incidence on the pupil and the ordinate is in 1he brodOcedanwUrJ |3 , 
bec^he^™ 

Numerical examples of embodiments 6 to 8 are shown below: ' ' ■ • - * r^iu,^,; .f^n^i* 
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« ™^ numericaI exam P le of the embodiment 6 provides a zoom optical system whose ranqe is about 1 '9 Rh* <u 
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Di 
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Ndi 
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First Optical Element Bi : 


1 


0.00 


0.00 
16-60 1 


0.00 


16.00 


1.51741 
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3 : 

4 ■; 


r .17.32 
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Second Optical Element B2 : 
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19.22 


33.77 
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R 1 +up ( to R9; 
R10 + uptoR11: 
R12: 



Zi(M) =Zi(W) - 9.76 
Zi(T) *Zi(W) - 39.20 
Zi(M) = Zi(W) - 14.55 
Zi(T) = Zi(W) - 50.00 
Zi(M) = Zi(W) 
Zi(T)iZ|(W) 



Shape of Spherical 



R 1 Surface: 
R 4 Surface: 
R 6 Surface: 
R 9 Surface: 
R10 Surface: 



R-i = -70.000 

R 4 = ~ ^ 

R 6 = °° 

R 9 = -30.024 

R 10 = -34.943 



?).??, SUM 



R1 1 Surface: B'n = 262.245 

55 Shape of "Asph TerTc SUrtetie: +" 

R2: C 02 = 1.17370e-02^ 
C 03 =-8.20960e-05 
C 04 = 4.42532e-06 



■Mul. -?8.3: 



■iU 



Cgo- 6.60704e-03 

C2 1= 3.17239ie^AI^ f ^ff 

C22= 1 .70696e-05 640= 8.12432e-06 
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G 05 =-1.95325e-07 
C 05 = 1.43266e-08 
C 60 = 2.8571 1e-08 

R3: C 02 = 4.78752e-03 
C 03 = 8.04000e-06 
C 04 =-8.47604e-08 
C 05 = 3.57983e-09 
.C 06 =-2.14023e-10 
e 60 = 5,9401 7a-09 

R 7:-i : , : C 02 =-6 ; 10763e-03> 
G6 3 =-2.10107e-05 ;i. 
G 04 =-4.32906e-07 
-C 05 =-6.44143e-09. 
C 0 5=-4.76639e^10 
€ 6 o=-7,6646^e-09 - 

R 8: C 02 =-8.05505e-03 
C 03 =-2.78436e-05 
C 04 =-3.36701e-06 
C 05 = 2.2181 1G-08 
G 06 ^6.422St1e-09 A 
G^8:28707e-09 : 



^2^4-576596.07 
C 24 = 5:509308-08 



C 20 = 6.08577e-03 
C 21 =-2.48947e-05 <\ '-» 
C 22 = 5.581 10e-06 
C 23 =-a90555e-08 
C 24 = 2.72588e-09 

i* - : - -if^is^:-- I;;.-*.;:..; 

C 2 o= 6i78303eK)4 »?-.■< 
G2i=-2.95023e-O5 i j- 
C 22 = 5.68199e-06 



> C 4 ^5.28528e^)8 
C 42 =6i05424e-08 



C 40 = 3.62312e-06 
-C^^:1:93993eT08i ^ u«; cc 
G 42 = 1.86232e-09 . i i 



ill:-: i;*o<:jj-!i" '..wv-m-. 



wzz-wwi^g, ^40= 8.046089-05 ■,!■ 
G 2 3=t 1 ,01 568e-07 - . , C 41 =- 1 >36560e-07 i?v ; 
C 24 = 2.17578e-09 * ? C 4 £*-4. 16606e-09 ; 



C 20 =2.18969e-03 
C 21 =-1.86649e^5 
C 22 = 6.819656-06 
C23=-1. 175356-08 
C2 4 a:.lc70935ei09 



C4Q= 3. 17321 e-06 
C 41 = 1.528346-08 
-I* ^C 42 =r1 57102eH08 ieu n 



The constituent parts of the present embodiment are described in the order from the object side A first optical ele- 
ITH « l C ° n S UC l ed . With 3 <irSt SUrfaCe R1 (refraciJn 9 entrance surfece °< ^ncave form), a second surface R3 and 
c.Sll^f 3 ^ W T! Ch are CUrvedform of inn ^ r Section and decentered. and a fourth surface R4 (refracting exit 

M EJ SSSJTa" fT?? 1,16 SeC ° nd SUrfaCe 02 acts as a convex ref,ec6n 9 A ftth surface 
'2££I?^ e,6ment 62 * oonanfctad a^ixthsurtace R6 (refracting entrance surface of 

»Si t ^ £^^ e ^ 7 ^ ^" ^ i9 ^ ^ are in cucved form of innpr f ef legion and decentered 

T^TZST* 1 ( f S."* SUrfaCe ° rowWex form) in one «W*P*«i body. The eighth surface R8 actsTs 
IS^T s , urfece tn,rd element B3 is in the form of a negative lens with a tenth surface RIO and an 

reSo^^i 1 t0 ^ Ch ,° ther - A tWe * lth R12 is ,hefinal ima 9 e P'ane coincident with the image 

receiving surface of an image pickup device such as a CCD. 

The first optical element B1 . the stop R5 and the second optical element B2 have a positive overall refractive power 
and move 'n unison, confuting a first lens unit (front lens unit). The third optical element B3 has a negative refractive 
power, constituting a second lens unit (rear lens unit) which moves during zooming 

*^ m N6X l t, ]!.' < rna9e formin9 ,UnCt, ° n 15 described on assumption that an object is at infinity. A light beam coming 
the'SSS IT R2 ^ thi " 1 R3 succe ^ v ^ and then refraaed in exiting from 

rp J!! 5? f a TL after haV *^ P ass «'« lrou 9 h ofthe fifth surface R5. then enters the second optical element 

STJ1%« 9 T a? Jhe Sixth Surface ^ t"en fleeted from the seventh surface R7 and the eighth 

surface R8 successively, and then refracted at the ninth surface R9. exiting from the second optical element B2 

anH T^'l 9ht ^f m * en e T ters ^e thi,,d °P tical dement B3, where the light beam is refracted at the tenth surface R10 
and the eleventh surface R1 1 and exits from the third optical element B3 

Si'JL^ m . tha !: has from *• tnirel optical .element BS^inaJlyforms an image on.thetwetnh surface R12., 
-WmSSS?! 1 ? a ^ SeCOn ^ 0f, ' aXial °P tica » elements B1 and,B2of the present embodiments is an off.axial optical w 
elemenlinwhich the entering reference axis and the exiting reference axis are oriented to the same direction 

Next the function of varying the image magnification by moving the lens units is described. The present' embodi- 
ment is a 2-unrt zoom lens of plus-minus power arrangement in thi&order from the object side. During zooming from the 
wide-angle end to the telephoto end. the front lens unit and the rear lens unit both move to the mini SSSnSIml 
axis, whrte narrowingtheseparatton therebetween:: u t h,„ u,, ,orl W u * ,, . . , , , , , n 
mwSS? 8 ?^**^ 9 Waphstof the lateral abenations of such an^optical system in the wide-angle end (W) a 
middle position (M) and the telephoto end (T). These graphs are depicted with regard to six rays of light i^iich enter the 
optica, system at angles of (u Y . Ux ). (0. u x)> (-u y , u x ). (u y 0). (0.0) and (-u Y . 0) with the Y axis ait the XaxtlncSS 
the abscssa of each graph is in the height of incidence of the entering ray on the stop R5 in the Y and X directions 

As can be seen from thegraphs. ^aberrations are corrected in good balance in each bf*e zooming positions. ,i 
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Incidentally, it is premised in the present embodiment that the image size is 36 mm x 24 mm. 
(Embodiment 7) p p J J 

The numerical example of the embodiment 7 provides a zoom optical system whose range is about 1.9. Figs. 40, 
41 and 42 are serti^^ end (W), a 



middle position (M) « 
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8.00 



mm 



20 



25 



30 



35 



40 



45 



i 


Yi 


Zi(W) 


, 6i 


Di 


Ndi 


vdi 


Sur. 




First CDpticSl Element B1 














1 j 


0.00 
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0.00 


16.00 


28.00 


17.00 


1.51741 


52.41 


L 




3 


-14.09 
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2.00 - 




r^-v-.L. ... 


Stop 




Second Optical Element B2^ 
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1.51741 


52.41 


L 




8 

:i » 

9 


22.88 


-4.43 


25.00 


20.00 


1.51741 


52.41 


L 1 




22.88 


15.57 


0.00 


Var. 


1 




R | 






Optical Element B3 (Negative Lens): 
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6.30 
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20.28 


34.79 


70.28 



J.I , 



?U : 
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R 1 + up to R 9: Zi(M) = Zi(W) - 10.01 
Zi(T)i1Zi(W) - 39.88 

R10 + upto R11: Zi(M) = Zi(W)- 14.51 
Zi(T) = Zi(W) - 50.00 
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R12: 



30 



Zi(M) = 2i(W) 
Zi(T) = Zi(W) 



Shape of Spherical Surface: 



R 1 Surface: 
R 4 Surface: 
R 6 Surface: 
R 9 Surface: 
io R10 Surface: 
R11 Surface: 



Ri =-60.000 

R 4 = co 

Re = ~ 
R 9 = -35.226 
R 10 = -42.989 
R 1t =94.318 



Shape of Aspheric Surface ! 

75 R2: C 02 = 1.79244e-02 
C 03 = 2.91478e-04 
•C 0 4=-6.15025e-06 
C 05 = 1.04508e-06 
C 06 = 713288e-08 

20 C 60 = 6.59757e09 • 

R 3: C 02 = 6.97073e-03 
C 03 = 6.11813e-05 
0 04 =-4.088516-06 
25 C 05 = 3.03036e-07 

C 06 =-1.24765e-08 
C 60 = 1.64066e-08 

R 7: C 02 =-8.55985e-03 
C 03 = 1.12454e-05 
C 04 =-2.60229e-07 
C 05 =-1 79083e-09 
C 06 =-1.47512e-09 
C 60 =-1.94830e-09 

R8: C 02 =-1.36422e-02 
C 03 = 2.54697e-04 
C 04 =-9.76231e-06 



40 



45 



50 



55 



C 20 = 1 .92964e-03 
C2i=-6.64828e-05 
C 22 =-3.77447e-06 

G^4.48426er0?/l; (G^=*1VY9772e-07 
C 0 6=-4.46303e-(i>3 } ZjOX5 &4 = > J9.B4066e-09 
060^-3:309436-03) 7\y>A 



C 20 =-1.52002e-04 
C 21 =-4.53461 e-05 
C22=-2.99463e-06 
C 2 3= 1.860026-0.7 
C 24 = 8.65582e-0j9 

020=^9.569986-04 
C 21 =r4.53546e-05 
C 2 2=-1.86658e-b6 
Q23= 6^9i05e-O$ 
C 2 4=-3.65030e-09 



C 20 =-2.21093e-03 
C 21 =-3.52367e-05 
C22=-1-96530e-06 
C 23 =-4.5950S(e-0d 
C 24 =-3.24982e-09 



, : C 40 =-2.71165e-07 ; 

C 41 =-1.48849e-08 
» C 42 =-*46787e-09 



C40ZT-3.323106-07 
C 41 = 2,537656-08 
C 42 =:-1.04366e-68 



_A. 



C^)=8:'. 

942=-3.4i218e-i0 I 



C4o= 1.78974e-07 
C 41 = 7.873606-10 
C 42 =-4.44809e-09 



r .'H? T?** 1 " 6 " 1 Wi1h€f lP* 6Sen « embodiment are described successively in the order from the object side A 

SaS'S S pf ? 9 ^ SUrf3Ce R1 (refraCtin9 -t—e y sudace of concave form ^seSnS 

surface R3 and a thud surface R3 wh.ch are in curved form of inner reflection and decentered. and a fourth surface R4 

CSh^TSt p, r fo r in r transparent ^ ^ second *<** - .^^ST^ 

e^nel r^- «! f P ^ A S6C0nd 0p,iCa, e,ement 62 is c ° n *ucted with a sixth surface R6 (refracting 
entrancesurface of plain form); a seventh surface R7 and an eighth surface R8 which are in curved form of inner reflec 
ton-tad decentered. and a ninth surface R9 (refracting exit surface of convex form) in one trance* oody Z efgSn 

t>T° SI?^" 'T™* ref,6C,in9 SUrface " A third °P tical e,e ™* B3 is in the form of a nestle ££US a 
rf^Sl Z en eleven*, surface R1 1 coaxial to each other. A M surface R12 is the Sal imagine coS 
dent iwrth the. image receiving surface of an image pickup device such as a CCD 

^nrlll 6 firSfT,p1ical dement BHihe stop R5 and the second optical element B2 have a positive overall refractive power 
and move m unrson. constrtuting a first lens unit (front lens unit). The third optical element B3 has a neaafive 7efS 
power, constituting a second lens unit (rear lens unit) which moves during zooming 9 
trnnlTJl!^^'! 9 \ mC6<m is described °" * e assumption that an object is at infinity. A light beam coming 

R1tt.en« reflected from the second surface R*fcnd the third surface R3 successively, and then is refracted atS 
fourth 8urfactf,R4. «X!tfrig:.iron»:the first.optical eRMaent>Bl . ; >- r, rerraciea at the 
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The light beam, after having passed through the stop or the fifth surface R5, then enters the second optical element 
B2, where the light beam is refracted at ^he sixth surface R6, then is reflected from the seventh surface R7 and the 
eighth surface R8 successively, and then \i refracted at the ninth surface R9, exiting from the second optical element 
B2. Tf >H i 7 i ; * ■ 

The light beam then enters the third optical element B3, where the light beam is redacted at the tenth surface R10 
and the eleventh surface R1 1 and exrts^roijn \M4J&rd optical element B3. 

The light beam that has exited from ]he^tT&x^ica\ element B3 finally forms an image on the twelfth surface R12. 
Each of the first and second optical elements; B1 and B2 of the present embodiment is an off-axial optical element 
in which the entering reference axis and the exiting reference axis are orthogonal to each other. 

Next, the function of varying the image 1 magnification by moving the lens units is described. The present embodi- 
ment is a 2-unit zoom lens of plus-minus power arranfaemeWfn this ordefjfrom the object side. During zooming from the 
wid.Qr^rjjple^fl t<j> the^lephoto £&d, the fxppt leftsVnit and the rear lens unit both move to the minus direction in the Z 
axis,' while nairt-bwing the separation therebi^ee^ :H> i: .j^ fiH* :rj\ i r 7 

Figs. 43, 44 and 45 are graphs of the i^teral^aberrations of such art opticaJ system in the wide-ang(e end (W), the 
middle position (M) and th£ telephoto end j[T), : ri^pectiveiy. These aberrations are produced by si* lays irfifcjht which 
enter the optical system at angles of (u Y , ux), to/iix), (-u Y , ux). (u Y , tyyXOfi) and (-u Y . 0) with the Y axis and the X axis. 
Incidentally, the abscissa of each graph isrtntoVfeght; of . incidence of tlie entering ray on t(^^Mbp^R5 in the Y and X 
directions. 1 ^ -^4^^^^ 

~— *~ " " ^ - - - * - ^ : - ^ -^Hf positions* 



As can be seen from the 9 ra jahs, the abferratioi^^re corTfected in pood ^ 
It is premised in the present 'embodiment that the image size is/36 Md ' 



fance tfreacH 6f me 



mm. 



(Embodiment 8) 



s * a N jj ft 



A numerical example of the embodiment 8 provides a zoom optical system whose range is about 1.9. Figs. 46, 47 
and 48 are sectional views of the zoom optical system with the optical paths shown in the wide-angle end (W). a middle 
position (M) and the telephoto end "{p^e^ectiv^V: v 
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40 R1+uptoR4: 
R5 + uptoR9: 
R10 + uptoR11: 
R12: 



Zi(M) =,j2(W) - 11 .70 
Zi(T)= Zi(W)- 39.31 
Zi(M) = Zi(W) - 10.12 
Zi(T)=Zi(W)- 39.14 
Zi(M)=sa(W)- 15.02 
Zi(T) = Zi(W) - 50.00 



Shape of Spherical Surface 
R 



R 1 Surface: 
R 4 Surface: 
R 6 Surface: 
R 9 Surface: 
55 Rio Surface; 
R11 Surfecec 



-h = 
R4 = 

Re = 

Rg = 

Rio 
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-70.000 
1095.Q34 
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Shape of Aspheric Surface: 



R2: 



10 R3: 



15 



C 02 = 

C 0 3= 
C 0 4= 
C 05= 
C 06= 
C 60= 

C 0 2= 
C 0 3= 
C 0 4= 
C()5= 
0)6= 
C 60= 



: 1.14912e-02 
-4.77249e-05 
4.10346e-06 
-1. 63961 e-07, k 

1.61883e-08 

4.89298e-f 
1. 68581 e-05 
-2.5521 Oe-08 
4:20901 e-09 
8.49458e-10 
4.20862e-10 



C 20 = 6£652$e-q3 
C 2 i= 8:20929e-05 
C 22 = 1.01293e-05 

C 20 = 5.681 04e-03 
C 21 = 1. 25831 e-05 
C 2 2=.3.13563e-06 
C 23 = : 2^7112e-08 
C 24 = 1.243543:10 



i 1 5 

C4o= 8.27507e-06 
„ ^ C 4 i= 1 26644e-07 ,. bt 



C4o= 3.87963e-06 
C 41 =-2.44966e-08 
C 4 £= i:62318e-09 



R7: 
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R8: 



C 02 =-5.69972e-03 
C 03 =L25357e-05 
C 04 =-3.47554eW 
C 05 = 6.35559e-10 
G Ofi =-7.42470e-10j- 



p 60 =-2.91694e-09 

C 0 2=-7.33488e-03 
C 03 =-9.78920e-07 
C 04 =-2.79340e-06 
C 05 = 5.73943er08 
C 0 6=-6.05073e-09 ! 
C 60S ;6^3§J3e : p9 i 



C 20 = 3.42455e-04 
C 21 = 1.29391 e-05 
C 22 = 2.91 471 e-06 
C23=-5.06508e-08 ; 
C 24 -3.88298e-10 



C 20 = 2.03905e-03 
C 21 = 1.50942e-05 
C 22 = 2.76445e-06 
C23=-6.48211e-09 
C 24 = 1.635J7e-09 



C4o= 7.06278e-06 
C 41 =-8.96749e-08 
C 42 =-6.12969e-Q9_ 



C4o=-2.81122e-06 
C 41 =-3.98591 e-09 ; 
C42=-1.14923e-08 



The constituent parts of the present embodiment are described successively in the order from the object side. A 
first optical element B1 fe constructed with a first surface R1 (refracting entrance surface of concave form), a second 
surface R3 and a third surface R3 which are in curved form of inner reflection and decentered, and a fourth surface R4 
(refracting exit surface of almost plain form) in one transparent body. The second surface R2 acts as a convex reflecting 
surface. A fifth surface R5 js a stop plane. A second optical element B2 is constructed with a sixth surface R6 (refracting 
entrance surface of almost plain form), a seventh surface R7 and an eighth surface R8 which are in curved form of inner 
reflection and decentered, and a ninth surface R9 (refracting exit surface of convex form) in one transparent body. The 
eighth suFfece:R8BCts as a convexTefteGtin^ surface. A third c^.c^ element lens with a 

tenth surface RIO and an eleventh surface R1 1 ^coaxial to each other? A twelfth surface R1 2 is the final image plane 
coincident with the image receiving surface of arfjmage pickup device such as # CCD. 

The first optical element B1 constitutes a first lens unit. The stop R5 and the second optical element B2 constitute 
a second lens unit. The third optical element B3 constitutes a third lens unit. 

Next, the image forming function is described on the assumption that an object is at infinity. A light beam coming 
from an object enters th^'f frst optical element B1 , and the light beam is refracted at the first surface R1 , then is reflected 
from the second surface R2 and the third surface R3 successively, and then is refracted at the fourth surface R4, exiting 
from the f irst optical elemen£BJL 



The light beam, after having passed througFTthe stop or the fifth" surface R5, then enters the second optical element 
B2, where the light beam js refracted at the sixth^surface R6/then is reflected from the seventh surfabe^R7 and the 
eighth surface R8 successively, and then is refracted at the ninth surface R9, exiting from the second optical element 
B2. 

The light beam then enters the third optical element B3 P where the light beam is refracted at the tenth surface R10 
and the eleventh surface^ R1 1 and exits from the third optical element B3. ,j - 

The light beam that has exited from the thirpi optical element B3 finally forms an image on the twelfth surface R12. 

Each of the first and second optical .elements Eft Wid £2 of ihe prfgentjembodiment is an off -axial optical element 
in which the eW^ reference axlsWe ~6nerrtl3To the^d^ : dtfeclibniri'~ 5 ." 

Next, the function of varying the image magnification by moving the lens units, is described. The present embodi- 
ment is a 2-unit zoom lens'of plus-minus power ^angement in this order from the object side. During zooming from the 
wide-angle end to the telephoto end, all of the' febbBHH? H*$l$tP the minus direction in the Z axis. During this time, the 
separation between the first and second lens units once widens and then narrows, and the separation between the sec- 
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ond and third tens .-units' narrows. \y •,.-:■«<> ;e=i iiv.-ixit*' *Mr. ., ; in-:: --»;-!• i-- -» i *-: - »hf> : ^v-eir ^in --<■ -.tv? \ -u-j:* 

Figs. 49; 50 and 51 are graphs ; o? the lateral aberrations of such an optical system in the wide-angle'end (W)?the * 
middle position (M) £hd the telephdto end (T), re^&itiveiy. iTtese aberratf dns : are 1 produced by six rays of Trghf which 
enter the optical system at respective angles of (u Y , u x ), (0, ux), (-u Y , ux), (u Y , 0), (0,0) and (-u Y , 0) with the Y axis and 
the X axis. The abscissa of each graph is in the height of incidence otthe ray on the stop R5 in the-Y and X directions. 
As can be seen fromthe graphs, 1 the aberrations 1 at£ corrected in good balance in each of the zooming positions. 
It is premised in thel present embodimert thatthefiira^ 

The foregoing embodiments each ♦ have; achieved a: zoom, optical, system of ! which the- total number of parts is : 
reduced by using theroff-axial optical element and the coaxial-optical element thatis formed only.with the surfaces of 
rotation 'Symmetry with respect.tathe.-ray:-of-treferencetaxis.M ; • ■;>••*. -v t; .v.n:, <=il»s Ur:\zi,-+)i*\ -.a 

Another advantage of the invention arising 1rom the lact that 
and the coaxial xjptical element that is form symmetry with respect to the ray of refv 

erence axis is that, despite.theJolding of the optical-path to a desired shape in the interior of the optical system, at! pri- 
mary and decentering aberrations ane corrected well throughout the entire zooming range. In such a manner, the zoom 
optical system of a smaller total-number of parts , and an image pickup apparatus using the sam&are achieved. 

Another advantage arising from the use of the off-^xial optical element-having a number of reflecting surfaces given 
proper refractive power and arranged hi deceht^red' reilatibn; is that the optical path in the interior sdf the zoom optical 
system isfolded to a desired polygon, thus shortening the total length of that zoom optical system in a certain direction. 

Yet anothehadvantage arising torn the use *rf<the off ^axiafc optical* element rhaving formed irvone transparent body ■ 
iwo refracting surfaces of proper refractive-powers at the entrance and exit and a number of reflecting surfaces of proper 
refractive powers arranged in decentered relation from the reference axis, is that all primary aberrations and decenter- 
ing aberrations are corrected well throughout the entire zooming range. 

A furthermore advantage arising from the off-axial optical element having two refracting surfaces and a number of 
reflecting curved or plainrsurfaces loomed in. uni^ the entirety of the zoom optical sys- 

tem is reduced to a minimum in: ibulk^and size* while still permitting the problem /of the severe positioning tolerance 
(setup tolerance): of the reflecting surfaces which has often held in the mirror system. 

A zoom optical system comprises a plurality of optical elements. The plurality of optical elements include a first opti- 
cal element having two refracting surfaces and a plurality of reflecting surfaces formed in a transparent body, being 
arranged such that a light beam enters an inside of the transparent body: from one of the two refracting surfaces and, 
after being successively reflected fronrt the other of the two refracting sur- 

faces, and/or a second optical element having a plurality ofSurtece minors' integrally formed and decentered relative to 
one another, being arranged such that an incident light beam exits therefrom affer being successively reflected from 
reflecting surfaces of the plurality of surface rnirrors,. and a third optical element qomposed of a plurality of coaxial 
refracting surfaces. In the zoom optical system, an'i'rnagebf an bbjectis formedthrougH the plurality of optical elements, 
and zooming is effected by varying relative positions of at least two optical elements of the plurality of optical elements. 

Claims 

1 . A zoom optical system comprising: 
a plurality of optical elements including: 

a) a first optical element having two refracting surfaces and a plurality of reflecting surfaces formed in a 
transparent body, being arranged such that a light beam enters an inside of the transparent body from one 
of the two refracting surfaces and, after being successively reflected from the plurality of reflecting sur- 
faces, exits from the other of the two refracting surfaces; and/or 

b) a second optical element having a plurality of surface mirrors integrally formed and decentered relative 
to one another, being arranged such that an incident light beam exits therefrom after being successively 
reflected from reflecting surfaces of the plurality of surface mirrors; and 

c) a third optical element composed of a plurality of coaxial refracting surfaces, 

wherein an image of an object is formed through said plurality of optical elements, and zooming is 
effected by varying relative positions of at least two optical elements of said plurality of optical elements. 

2. A zoom optical system according to claim 1 , wherein a stop is disposed on a light entrance side of said zoom optical 
system, or adjacent to a light entrance surface at which a light beam first enters. 

3. A zoom optical system according to claim 1 or 2, wherein each of said at least two optical elements of which relative 
positions are varied has an entering reference axis and an exiting reference axis in parallel to each other. 
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4. A zoom optical system according to claim 3, wherein said at least two optical elements of which relative positions 
are varied move in parallel to each other on one movement plane. 

*- ■ h / f **** 

5. A zoom optical system according to cl^im 3, wherein each 5 of siaid at least two optical elements of which relative 
5 positions are varied has an entering reference axis and an exiting reference axis oriented to the same direction. 

6. A zoom optical system ydSdr^ir^ito irH fe, \fcherein onSe of llu^t ledisi two bptica^l elements of which relative posi- 
tions are varied has an entering reference axis and an exiting reference axis oriented to the same direction, and 
another of said at least two optical elements of which relative positions are^yan^ Jhias an entering reference axix 

10 and an exiting ref erenjce axis oriented to opposite directions. 

7. A zoom optical system according to claim 3, wherein 'each of said at least two optical elements of which relative 
positions are varied has iari entering reference-axis and an exiting reference axis oriented to opposite ejections. 

is 8. A zoom optical system according to claim 1 , wherein focusing is effected by moving one of said at least two optical 
elements of which relative positions are varied. 

9. A zoom optical system according to claim 1 , wherein focusing is effected by moving an optical element other than 
said at least two optical; elements of which relative positions are varied. i 

20 -\ ,« : S 

1 0. A zoom optical system according to claim. 1, wherein said zoom optical system forms at least once an object image 
at an intermediate point in an optical path thereof. 

11. A zoom optical system according to daim 1, wherein curved reflecting surfaces among the plurality of reflecting 
25 surfaces are all formed to anamorphic shapes. 

12. A zoom optical system according to daim 1, wherein all reference axes of said at least two optical elements of 
which relative positions are varied lie on one plane. .... , > > 

30 13. A zoom optic^ 12. wherein at leasta part : o¥ referer^ other 

than said at least two optical elements of which relative positions are varied lie on said one plane. 

1 '■ -\i 

14. A zoom optical system according to daim 1, wherein at least one optical element of said plurality of optical ele- 
ments has a reflecting surface in which a normal line on the reflecting surface at an intersection point of a reference 

35 axis with the reflecting surface is inclined with respect to a movement plane, on which said at least two optical ele- 
ments of which relative positions are varied move. ' 

15. An ima^epjekup ^ar^aratus having a zoom-optical system.according itejtiajnri ^wherein the imaged the object is 
formSi dri ah image pickup plane of an image pickup medium: 
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16. A zoom optical system according to claim 1, further comprising a step disposed between said plurality of optical 
elements. 

1 7. A zoom optical systerrV According to claim 1 , wherein said third optical element is a single lens. 

1 8. A zoom optical. system according to daim 1_, wherein said f i ifsjLoptica! element and s^ optica| r element move 
during zooming. ^ , .^J, . « f 
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